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              CHAPTER 1 
1.0       INTRODUCTION 
Nucleic acids are key in the central dogma of biology (Figure 1) [1]. Genetic 
information is stored in deoxyribonucleic acid (DNA) in the three domains of life, 
archaea, eukarya and bacteria [2]. Additionally, ribonucleic acid (RNA) acts a genetic-
information store in some classes of viruses [3]. However, controversy remains as to 
whether viruses can be classified as living or non-living entities [4]. Stored genetic 
information is propagated to an organism’s offspring, hence, ensuring the species 
survival. DNA is the template for its own replication and for RNA transcription. Coding 
portions of the transcribed RNA are processed and translated/decoded to sequences of 
amino acids, which play numerous cellular roles ranging from structure to regulation [5]. 
RNA was viewed for many years as merely an intermediary in the gene expression 
pathway. However, this view has been revised following overwhelming evidence of RNA 
carrying out numerous roles that were traditionally believed to be a preserve of proteins 
[6-8].  
RNAs participate in events such as RNA processing, translation, and gene 
regulation, among others, without the mediation of protein molecules [9-11]. Since DNA 
and RNA are at the epicenter of life, they continue to be studied extensively in an 
interdisciplinary manner with new discoveries including structure and dynamics being 
unraveled. A biomolecule’s adopted structure is highly informative of its function in the 
doctrine of structure-function relationships. In the cell, biomolecules have evolved to be 
dynamic, and thus, they undergo various molecular motions relevant to their optimal 
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function. This biomolecular motion is normally preceded by disruption of existing 
interactions and mediation of new contacts.  
                                  
Figure 1: The central dogma of biology. The genetic information stored in DNA is 
transcribed into RNA, which is then translated by the ribosome into proteins. The 
proteins have various effector roles in the cell (figure was generated with ChemDraw). 
      
These motions can be classified as either inter- or intramolecular. An excellent 
example of intermolecular motion is the movement of motor proteins on myofibrils as 
they transport cargo from one cellular point to another [12]. On the other hand, 
intramolecular dynamics are ubiquitous and they take place in all biomolecules. They 
can be classified as global or local based on their relative distances. Global dynamics 
are crucial for nucleic acid function.  Normally occurring in the tens of nanometer range, 
different regions of a molecule come into close proximity and facilitate novel contacts 
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necessary for adoption of a molecule’s functional state [13].  Equally important are local 
dynamics in which the molecule undergoes minimal rearrangements.  
1.1 DNA structure 
After replication, DNA normally adopts a B-form double helix (Figure 2) [14]. The 
helical DNA can either be linear or circular. Other common forms of DNA secondary 
structures include the A and Z forms [15, 16]. Additionally, the interaction of three DNA 
strands may result in the formation of the less common H-form of DNA triplexes [17].  
The duplex DNA normally adopts a supercoiled conformation. This supercoiling leads to 
a tertiary structure folding that is important for DNA packaging [18]. Protein factors such 
as helicases normally unwind the double-stranded DNA to a single-stranded form to 
allow cellular processes such as transcription to take place [19]. The single-stranded 
DNA may adopt different dynamic conformations, and can also adopt various structures 
forming numerous folding motifs [20]. Additionally, DNA can form various other complex 
structures including Holliday junctions and G-quadruplexes [21, 22]. Adoption of these 
important structures requires large global motions of the spatially separated regions.  
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                      B-form DNA                       A-form DNA                            RNA helix 
                     PDB: 1BNA [23]               PDB: 213D [24]                       PDB: 3EYI [25] 
Figure 2: DNA and RNA helices.  Double-stranded DNA normally adopts the B form, 
which has a wide major groove and a narrow, but deep, minor groove.  The double- 
stranded DNA may also adopt the A-form conformation whose major groove is narrow. 
RNA, though single stranded, also forms several paired helical regions as it folds to 
adopt its native state. The example of an RNA helix shown here is derived from the HIV-
1 genome. 
 
The formation of the various DNA structures is facilitated by the presence of 
hydrogen-bond donors and acceptors present abundantly on its nitrogenous bases 
(Figures 3 and 4). Since the phosphate backbone and the sugar moieties are 
structurally similar for all DNAs, the DNA sequence is elucidated based on the identity 
of the pyrimidines (cytosine (C) and thymine (T)), and purines (guanine (G) and adenine 
(A)) present in the strand.  These four bases normally pair with each other in DNA 
duplexes. In the Watson-Crick (WC) B-form DNA structure, G base pairs with C, 
whereas A base pairs with T, thus forming the etiology of the canonical WC pairing rules 
(Figure 3) [14]. Similar base pairings also occur in RNA with T being replaced by uracil 
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(U). The above four heterocyclic compounds form the standard nucleic-acid bases with 
additional variations stemming from enzymatic modifications [26]. The bases are 
connected to the ribose sugar through a carbon-nitrogen (C-N) glycosidic bond. While 
energetically base interactions through the WC face are the most favorable, DNA bases 
can also interact via their Hoogsteen faces, thus increasing the number of pairing 
possibilities [27]. Additional DNA interactions involve the bases and phosphate 
backbone [28]. In RNA, interactions via the sugar edge can also be formed. 
   
Figure 3: GC and AT Watson-Crick base pairings in DNA. In RNA, the thymine is 
replaced with uracil, which lacks the methyl group at C5. Whereas these are the 
energetically favorable base pairs, hydrogen-bonding interactions may also occur via 
the non-WC faces giving rise to non-canonical base pairs.      
 
The nucleic acid furanose sugar is covalently attached to the phosphate-carbon 
backbone through C5 and C3 atoms. To decrease the angle strain, the ribose sugar in 
both DNA and RNA is puckered; otherwise, bond angles would be below the carbon 
tetrahedral angle of 109.5 if the sugar were planar. This puckering results in either C3 
or C2 endo conformations. In B-form DNA the C2 endo conformation is adopted 
primarily [28]. DNA is replicated by DNA polymerases in the 5 to 3 direction. The 
chirality of the sugars give DNA its directionality (Figure 4) [29]. The DNA sense strand 
contains the message (protein sequence), while the antisense (i.e. non-coding) strand 
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serves as the template for RNA transcription by RNA polymerases.  The DNA/RNA 
base adopts either a syn or anti conformation (Figure 5) whereas the sugar is puckered 
(Figure 6). 
 
                      
Figure 4: DNA/RNA ‘directionality’. DNA is replicated by DNA polymerases in the 5 to 3 
direction. Similarly the transcription of RNA takes place in the 5 to 3 direction.  
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     syn guanosine                     anti guanosine 
 
Figure 5: DNA/RNA base configuration. The base can rotate around the C-N glycosidic 
bond resulting in either a syn or anti configuration. The anti form is the most common, 
owing to steric clash between the base and the sugar in the syn configuration. The 
coordinates are derived from PDB: 2LEB [30]. 
                 
C2 endo sugar conformation     C3 endo sugar conformation 
 
Figure 6: The ribose sugar is puckered. This ensures a decrease in the angle strain. In 
B-form DNA, the sugar puckering is mainly C2 endo, while in RNA the sugar puckering 
is mainly C3 endo.  The coordinates for the C2 endo sugar conformation are from a B-
DNA structure, while those of the C3 endo sugar pucker are from the HIV-1 genome 
RNA helix PDBs: 1BDNA & 3YEI, respectively [23, 24]. 
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Base dynamics are of great importance to DNA function. Though paired, the 
DNA bases undergo occasional breathing, which momentarily disrupts the hydrogen- 
bonding interactions [31].  A DNA base can also undergo a complete (i.e., 180 rotation 
from the helix) to adopt a flipped-out conformation [32]. These base motions are crucial 
for base modifications and DNA repair processes [33]. Base dynamics within DNA and 
RNA will be investigated in Chapter Three of this dissertation. 
1.2 RNA structure and function 
RNA plays numerous key cellular roles in addition to being the intermediate 
molecule during gene expression, as the genetic information stored in DNA is decoded 
to proteins.  Proteins remain the most widely characterized cellular effectors, whereas 
the pivotal roles played by RNAs within the cell are more recently being fully 
appreciated. Identification of catalytic RNA (ribozymes) by Tom Cech in 1982 formed 
part of the foundation of the revolutionary investigation of the additional cellular chores 
dutifully implemented by RNA [8]. In the decoding of the mRNA itself, the catalytic 
molecule involved (the ribosome) is believed to be a ribozyme [7, 11]. This stems from 
the direct involvement or the ribosomal RNAs in the peptidyl transfer reaction within the 
ribosomal active site and the absence of protein residues within this region. Additionally, 
RNA molecules serve as adaptor molecules that carry the incoming amino acid to the 
elongating peptide chain in the ribosome [34]. Section three of Chapter Three in this 
dissertation will focus on local dynamics that take place within the acceptor stem of one 
example of the transfer RNAs, tRNAPro. RNAs are also key in the removal of introns 
within the coding regions of mRNA via the splicing reactions. In the eukaryotic nucleus, 
five nucleolar small RNAs form the splicing macromolecule (the spliceosome), which is 
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the catalytic molecule [35]. Furthermore, RNAs have direct involvement in gene 
regulation through the action of various non-coding RNAs such as riboswitches, 
microRNAs, small interfering RNAs (siRNAs), and PIWI RNAs, among others [9, 10, 36, 
37]. The riboswitches in particular will be described further in subsequent sections of 
this dissertation, in which folding landscapes and local base dynamics will be analyzed.   
Although RNA is often depicted as single stranded, in reality it is usually highly 
structured. The adoption of the highly folded native structure is crucial for function, and 
any errors in folding can result in loss of function. As the RNA polymerase carries out 
transcription, the product RNA subsequently begins to fold. Hence, transcription and 
folding takes place concomitantly in a hierarchical manner. Local base interactions lead 
to formation of secondary structure that is then converted to a more compact tertiary 
form through long-range interactions [38-40]. The RNA-folding problem is comparable to 
protein folding described by funnel diagrams and energy landscapes that attempt to 
describe the Levinthal paradox [41-43]. Compared to protein folding, the RNA-folding 
problem is more complex due to the presence of more dihedral angles per residue, 
which increases its folding degrees of freedom. On the other hand, well-understood 
pairing rules make RNA folding easier to investigate. Just like in DNA, WC base 
pairings are favored. However, in comparison to DNA, non-canonical base pairs are 
more abundant in RNA [44, 45].  
For the RNA primary sequence to favorably adopt the secondary structure, 
effective charge screening is required, owing to the negative charge of the phosphate 
backbone [46, 47]. In vivo, monovalent and divalent ions are believed to be crucial for 
negative charge neutralization [46, 47]. The secondary structure consists of paired 
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regions that form duplex structures and unpaired regions, which may, for instance, form 
loops. This results in hairpin structures or bulges, as well as other secondary structures. 
The secondary structure may also only consist of paired helices in some regions while 
leaving others unfolded. The active tertiary RNA structure is adopted after the 
secondary structure, with the two processes being separated in time [48]. The 
separation between the secondary structure formation and the tertiary structure 
adoption is more pronounced as the RNA length increases [39]. For the native tertiary 
RNA fold formation, divalent/diffuse metal ions are required [47]. The divalent metal ions 
have an additional role to the ubiquitous monovalent metal ions, which provide an 
electrostatic charge sphere to neutralize the negative phosphate backbone. Mg2+ ions in 
particular are central to RNA folding and normally have specific binding sites within the 
RNAs, as evident in numerous crystal structures [49]. Thus, various structural studies 
and supporting metal ion titrations have lead to conclusions that the divalent metal ions 
within specific binding regions mediate crucial contacts that are important for the native 
structure adoption. The formation of tertiary structures require long-range interactions, 
which result in the formation of several RNA folding motifs, including pseudoknots, kink-
turns, A-minor motifs, ribose zippers, U-turns, S-turns, tetraloop-tetraloop receptor 
interactions, coaxial stacking, and bifurcations [50, 51].  
In comparison to DNA, the additional 2 OH present in RNA offers an additional 
functional group that can potentially interact with other atoms during RNA folding. 
Additionally, this group is nucleophilic, thus influencing the diverse roles of RNA. The 
RNA folding pathway is highly rugged with deep kinetic traps, in which RNA can be 
trapped in misfolded forms (Figure 7) [46]. Additionally, huge energy barriers need to be 
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overcome for the folding RNA to transit from local minimas to the global minima 
conformation (Figure 8) [42]. Extrinsic factors such as metal ions or RNA folding 
chaperones may help to overcome the energy barriers by stabilizing favorable transition 
states [48, 52, 53].          
              
Figure 7: Hierarchical RNA folding pathway. The RNA adoption of the functional native 
structure takes place sequentially.  The random coil 1 structure adopts a 2 structure 
following screening of the net negative phosphate backbone charge.  Adoption of the 
native 3 structure is mediated by divalent ions. Misfolded intermediates may also be 
formed with the propensity increasing with the length of the RNA. Adapted from ref [46] 
with permission from Springer. 
 
                            
Figure 8: RNA folding funnel showing the numerous local minima. The folding 
landscape is highly rugged with numerous kinetic traps that need to be overcome to 
adopt the global minima conformation. Adapted from ref [38] with permission from 
Nature Publishing Group. 
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Once natively folded, RNAs are not static as depicted in structure studies. Due to the 
flexibility of their backbone owing to the six backbone dihedral angles, RNAs alternate 
between multiple conformations with varying timescales (Figure 9) [28, 54]. These 
conformational changes are invaluable to their diverse functions. For instance, RNAs 
use alternating folded states to regulate the expression levels of an associated gene 
[10].  
Whereas structure studies normally capture the most stable conformation 
present in the sample (crystal) or report the average-ensemble structure (solution), 
structural dynamics investigations are able to monitor the atomic interactions as the 
RNA molecule folds. Computer simulations can report on the inter-atomic dynamics in 
real time, mainly by utilization of molecular mechanics simulations [55]. While molecular 
dynamics can be highly informative, experimental techniques remain superior. Single-
molecule techniques are revolutionary for RNA biophysics, as they provide information 
about RNA folding landscapes by investigating individual molecules rather than the bulk 
[56]. Following the removal of the ensemble-averaging demerit of bulk methods, which 
would otherwise result in loss of key information, the population heterogeneity behavior 
of molecules within an RNA sample under consideration is revealed [56, 57]. Since this 
dissertation focuses on single-molecule applications to study both global and local DNA 
and RNA conformational changes, investigation of RNA folding using this technique will 
be explained further in subsequent areas.  
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Figure 9: RNA dihedral angles. The RNA conformational flexibility is highly influenced 
by the large number of torsion angles present in comparison to proteins. This increased 
degrees of freedom in RNA increases the population heterogeneity (figure was 
generated using ChemDraw). 
                                                                                                                                                                              
1.3 RNA structure within the cell  
Biomolecular structures in vivo need to be understood properly so as to 
unambiguously elucidate the mechanism of action of these biomolecules within the cell 
[58]. Key questions therefore are: 1) what kind of structure(s) do a biomolecule under 
consideration adopt within the cell, and 2) how does in vivo structure differ from the 
structure adopted in vitro? Understanding a biomolecule’s actual structure within the cell 
will probably be the future of the structural biophysics field. In vitro, studies using model 
  
14 
constructs, especially employing the ‘reductionist’ approach, have been the main 
strategy for investigating RNA biomolecule structure-function interfaces. Generally, the 
in vitro determined structures may be significantly different from the structures adopted 
in the cell. For instance, FlgM, which is believed to be an intrinsically unstructured 
protein, is actually highly structured in vivo [59].  In other cases, the in vitro determined 
structure may not be sufficient evidence for the existence of the specific structure in 
vivo. For instance, the in-cell existence of G-quadruplexes, which are easily formed in 
vitro remains a hotly debated issue [60, 61].  
Ideally, the use of methods that can elucidate the structure of the biomolecule 
within the cell (in-cell studies), would be the most informative; however, numerous 
challenges hinder these kinds of studies.  Hence, ‘in test-tube’ experiments are normally 
designed to, as closely as possible, mimic the in vivo physiology. This involves the 
adjustment of factors such as pH, ionic strength, and buffer strength among others. One 
of the key cellular components normally neglected in the dilute solution studies is the 
influence of neighboring biomolecules within the cell to the folding biomolecule. These 
macromolecules result in what is referred to as molecular crowding [62-64]. The effects 
of molecular crowding are dependent on the identity of the crowding molecules, with 
both their sizes and shapes being highly important [65].  
RNA folding requires global dynamics [39, 40, 48]. ‘In dilute’ conditions, several 
studies have been informative of changes accompanying the folding process. In 
particular, single-molecule fluorescence techniques have been highly informative. 
Studies have, however, mainly been carried out in non-crowded solutions. Therefore, 
the effects of the surrounding soluble and non-soluble molecules to the folding and 
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dynamics of the test molecule remain poorly understood. Since these changes may be 
different in vivo from the reported in vitro observations it is therefore highly relevant to 
investigate RNA folding in experimental conditions that are representative of the cellular 
crowded state. Chapter Four of this dissertation focuses on RNA folding in molecular 
crowding conditions using inert high-molecular-weight polymers that have been 
validated previously as mimics of cellular crowdedness [65, 66]. We focused in 
particular on the effect of molecular crowding on the folding and global dynamics of a 
ubiquitous bacterial riboswitch, which binds cyclic-diguanylate monophosphate (c-di-
GMP) and regulates the expression of various associated genes in the bacteria. The 
genes under c-di-GMP riboswitch regulation are important in biosynthesis of adhesins 
and exopolysaccharide matrix components, bacterial long-term survival, response to 
environmental stress and motility among other roles [67]. 
1.4 Riboswitches 
 Regulation of genes is crucial to deter their aberrant expression. Historically, 
proteins regulators have been known to play fundamental roles in ensuring that proper 
gene levels are maintained. RNA motifs that can also regulate gene expression have 
been identified in the last few decades. In particular, one class of regulatory RNAs binds 
to small metabolites and effects changes in gene expression [68]. These are known as 
riboswitches since binding of their cognate metabolite leads to ‘switching’ of the 
associated gene.  Riboswitches are untranslated mRNA elements normally found within 
the 5 untranslated region (UTR), which mostly act in cis to either up- or down-regulate 
the expression of the message encoded. The Breaker lab coined the term ‘riboswitch’ in 
2002 following their identification or 5 UTR mRNA elements that regulate cobalamin 
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biosynthesis [10]. Previous studies had, however, hinted to regulation of genes by RNA 
components [68]. Riboswitches bind to small molecules within their binding pockets 
using highly specific interactions. Numerous riboswitches have been identified to date in 
which some metabolites are sensed by more than one class of riboswitches. Examples 
of metabolites sensed by riboswitches include S-adenosyl methionine (SAM-I to SAM-V 
riboswitches), S-adenosyl homocysteine (SAH riboswitch), purines riboswitches 
(adenosine (A), guanosine (G), deoxyguanosine (dG), amino acids (e.g., lysine by the 
L-box riboswitch), metals (e.g., Mg2+ riboswitch), flavin mononucleotide (FMN), thiamine 
pyrophosphate (TPP riboswitch), cobalamins (vit B12 adenosyl cobalamin and aquo 
cobalamin riboswitches), c-di-GMP (class I and class II c-di-GMP riboswitches, pre-
quenosine (preQ riboswitch), glucosamine-6-phosphate (glms riboswitch), tRNA (T-box 
riboswitch), and anions (e.g., F-  riboswitch) [10, 69-91].  
1.4.1 Riboswitch structures 
The riboswitch structure consists of two domains, an aptamer region and a 
downstream expression platform domain [10]. The cognate metabolites bind to the 
aptamer region with high specificity. Once the metabolite is bound, conformational 
changes take place within the downstream expression platform, resulting in either an 
up- or down- regulation of the specific gene under the riboswitch control. The folding of 
the riboswitch aptamer domains has been one of the highly investigated RNA folding 
models of the past decade as evident from the high number of publications [10, 70, 73, 
75, 77, 79-81, 83, 89-93]. X-ray crystallographic [69, 78, 79, 82, 84-86, 94-97] and NMR 
work [98-100] complemented with probing studies [101-103] have been highly 
informative on the mechanisms of the aptamer folding. Single-molecule studies have 
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additionally been crucial in understanding the dynamic nature of the aptamers [104-
106]. Notably, most of the structural studies (NMR and X-ray) have been carried out 
without the presence of the downstream expression platforms. This is mainly due to the 
dynamic nature of these regions, which hinders crystallization, and the sample size 
limitation of NMR.  While these studies have provided significant insight in the folding of 
the aptamer domains, the in vivo folded structure may be different from the in vitro 
determined structures owing to differences in the volume available to the folding 
aptamer in dilute buffers compared to under cellular crowding.  
1.4.2 Riboswitch metabolite recognition 
Folding models describing riboswitch tertiary structure adoption and mode of 
action suggest that monovalent and divalent cations promote the adoption of a ligand-
binding competent conformation, which then undergoes further reorganization upon 
interaction with the ligand to adopt the native state [70]. This step is followed by the 
expression platform conformational rearrangements, which then either turns the gene 
on or off, depending on the specific riboswitch (Figure 10). The riboswitch interaction 
with their cognate metabolites is one of the most highly specific biomolecular 
interactions known.  
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Figure 10: Regulation of genes by riboswitches at transcription and translation levels. a) 
At low ligand concentration, the gene is turned off due to the formation of a terminator 
loop. Once the ligand binds, an anti-terminator loop is formed, which allows the gene to 
be transcribed. b) Ligand-binding leads to turning off of the gene. c) At the translation 
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level, at low levels of the ligand the Shine Dalgarno (SD) sequence is sequestered; 
hence, the gene is turned off. Binding of the ligand exposes the SD allowing translation 
to take place. d) Turning off of the gene following ligand binding. Figure was made using 
Coreldraw. 
 
Subtle differences are effectively differentiated by use of elegant interaction 
networks. This metabolite-binding specificity is crucial for discrimination against closely 
related ligands. For example, the SAM-binding riboswitches discriminate against SAH, 
which differs only by a single methyl group [104, 105]. Purines are effectively 
discriminated by their specific-binding riboswitches, in spite of their structural similarity 
[96, 107]. Additionally, the fluoride-binding riboswitch does not interact with any of the 
other halogens [69, 108]. This high specificity is replicated in most of the characterized 
riboswitches. The ability to discriminate efficiently stems from the identity of highly 
conserved residues normally found in the proximity of the ligand-binding pockets. One 
exception may be the T-box riboswitch, which enhances the expression of tRNA- 
charging enzymes, but rather than interact with just the mis-acylated tRNAs, it interacts 
with both the uncharged and charged tRNAs.  Hence, its regulatory mechanism is 
based on the ratio of the two [109-111]. 
Riboswitch ligand-binding pockets are unique motifs within the aptamer domains 
normally formed at junctions of multiple helices where the metabolite binds. For the 
binding pocket to form, the ligand-free aptamer must fold to a ligand-binding competent 
conformation. The chief interaction mode between the ligand and the aptamer is 
through hydrogen bonding and tight van der waals contacts (but without steric clashes) 
with specific residues. These include formation of hydrogen bonds between the ligand 
and the aptamer bases, sugar, and phosphate atoms. Some ligands also utilize metal 
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ions that mediate coordination to the aptamer. For example, the mystery of how a 
negatively charged ion can interact with the highly negatively charged RNA polyanion 
was resolved by the identification and the subsequent structural determinations of 
riboswitches that bind to ligands such as F- and TPP. These ligands are negatively 
charged, and therefore utilize metals interacting with the phosphate backbone to form a  
‘binding pocket’ [69, 94, 112, 113]. 
1.4.3 Riboswitch ligand-recognition mechanisms 
 The riboswitch (and indeed other RNAs) mode of metabolite recognition is 
believed to occur either through a lock-and-key, induced-fit, or conformational-selection 
mechanisms [104, 114]. In the lock-and-key mechanism, the ligand-free riboswitch 
adopts the fully folded conformation, which then interacts with the ligand (similar to the 
classical enzyme-substrate model). In an induced-fit model, the ligand-free riboswitch 
adopts one conformation, which then undergoes major changes in the presence of 
ligand to adopt the native ligand-bound state. In a conformational-selection mechanism, 
the ligand-free riboswitch folds to a ligand-binding competent conformation, which then 
samples multiple states [93, 104, 105, 115, 116]. Once the ligand interacts with the 
riboswitch, it stabilizes the most energetically favorable conformation. A continuum-
ligand recognition progression, which takes place concurrently as the aptamer is 
transcribed and folds is also possible [117]. Here, the induced-fit, conformational-
selection, and the lock-and-key mechanisms can all be utilized, depending on the 
conformation that interacts with the ligand [115]. The actual ligand-recognition 
mechanism adopted is dependent on the specific riboswitch. Whereas in most 
riboswitches one of the three mechanisms described above may solely take place, 
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some riboswitches such as the c-di-GMP riboswitch may utilize a combination of all 
three mechanisms. Hence, this riboswitch can be described best by a continuum model, 
in which the RNA continuously senses the ligand along its folding pathway. This may be 
an evolution-selected strategy to improve on the riboswitch efficiency [106, 118].  
1.4.4 Riboswitch ligand-interaction control  
The processes of riboswitch interactions with their metabolites are well regulated 
to ensure non-aberrant responses. The ligand-binding process may be under 
thermodynamic or kinetic control [119]. Under thermodynamic control, the tightest 
binding molecule is favored, while under kinetic controlled processes, the ligand binding 
is influenced by the relative concentrations of the present metabolites. Since most 
ligands bind to their riboswitches with very high affinities, the kinetic control mechanism 
of ligand binding is more probable [105]. This process ensures that the ligand-aptamer 
interaction is only favored when the ligand concentrations exceed a threshold level. 
Additionally, to ensure that genes are not always turned on or off, riboswitches may also 
possess specific conserved residues, which help to fine tune the interactions. These 
residues alter the riboswitch response if mutated. For example, the adenosyl cobalamin 
riboswitch contains key wobble G-U base-pairings within its expression platform, which 
if mutated to canonical WC base-pairings, result in a ligand-independent turning off of 
the regulated genes [97]. This study demonstrates that the identity of key residues and 
their interactions, which may be far from the binding pocket, may have allosteric effects 
on the gene regulation processes.    
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1.5 Base flipping/dynamics in DNA and RNA 
In addition to global dynamics, proper nucleic-acid function also requires specific 
local rearrangements. Here, motions in the sub-nanometer to low nanometer range take 
place. Such local nucleic-acid dynamics include base flipping, and allow minimal 
reorganization within key functional regions. These local motions may be coupled to, or 
may be completely independent, of the global molecular changes [32]. As the nucleic 
acid undergoes major dynamics, specific base residues may unstack and flip out of the 
helix. In many instances, base flipping may only involve the rearrangement of a single 
or multiple bases within the structure, which has already adopted its minimum energy 
conformation. Base flipping is an important cellular process that has been reported in 
many examples, both in DNA and RNA (Figure 11) [31, 120-123]. Reported first in DNA, 
it has been associated with key processes such as base modifications, mismatch repair, 
and base-excision repair, in which the accessibility of the group to the modifying 
proteins is important [32].  There is continuous interest in understanding such base- 
flipping processes. Whereas X-ray crystallographic structures have provided evidence 
of flipped-out bases in different systems, the actual mechanism is still not well 
understood [122, 124]. Additional structural determination methods such as NMR may 
also provide direct evidence of flipped-out nucleic acid bases.  
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Figure 11: An example of base flipping in DNA.  The DNA-3-methyladenine glycosylase 
excises 3-methyladenine from DNA. The base to be removed (shown in blue) is flipped-
out of the DNA helix into the protein active site PDB: 3OH9 [125]. 
 
There remains an unresolved argument as to whether the process of base 
flipping is passive or active [32, 124]. In a passive mechanism, base flipping may take 
place without the active involvement of any additional factor, such as a modifying 
enzyme or any other cofactors. Proponents of the passive model base their argument 
on documented processes, such as base-pair breathing in DNA, in which the hydrogen 
bonds within the paired bases can be disrupted periodically [31, 126]. However, 
evidence of this disruption of biomolecular interactions (base opening) may not be 
sufficient to explain a complete rotation of the base along the glycosidic bond by 180. 
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In an active mechanism, a protein, metal ion, or different cofactor may initiate base 
flipping by interacting with the base or mediating changes in the helix geometry once it 
binds to the nucleic acid [123].  
In RNA, base flipping is important in the reorganization of local regions such as 
the metabolite-binding pocket residues.  Such local dynamics have been reported in 
several riboswitches [95, 106]. In the crystal structure of the ligand-free SAM-1 
riboswitch from the Batey lab [95], the global fold of the apo aptamer is largely similar to 
the structure in the presence of the ligand. The only difference between the two 
structures is within the ligand-binding pocket where an adenosine flips out of the binding 
pocket in the presence of SAM and is stacked into the binding pocket in the absence of 
ligand.  Hence, it behaves in a similar way as the ligand in the apo form [95]. The preQ-
1 riboswitch uses a similar mechanism, in which the aptamer fully folds in the apo form 
with a single adenosine flipping out of the binding pocket, being the only requirement for 
ligand binding [127].  In the c-di-GMP riboswitch, an adenosine residue is believed to 
undergo similar local rearrangements as the preQ-1 and SAM-1 riboswitches to allow 
ligand binding [128]. Unlike the SAM-1 and preQ-1 riboswitches, however, structural 
information of the ligand-free c-di-GMP riboswitch is lacking.  
In addition to riboswitches, base flipping in RNA has also been reported in other 
systems, in which changes in key base configurations are necessary to mediate or 
break long-range interactions important for function [129, 130]. For instance, in the U12-
dependent spliceosome, the U80 residue found within the U2 snRNA adopts either a 
flipped-in or flipped-out conformation based on the adopted global conformation. In the 
flipped-out conformation this residue allows crucial base-triple contacts, which dictate 
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the overall U2-U6 structure [131].  Local base dynamics have also been reported in 
crystal structures of transfer RNAs (tRNAs) [132, 133]. tRNAs were among the first 
types of RNA molecules whose tertiary structures were determined [134, 135]. tRNAs 
are abundant in the cell and mainly act as carrier molecules for the introduction of 
amino acids to the elongating polypeptide chain during translation. The tRNAs are L-
shaped and highly structured, composed of paired helices, unpaired loops, and 
numerous long-range interactions [136]. Their acceptor stems are unpaired at the CCA 
(3) end, and the aminoacylation reaction takes place at the terminal adenosine.  The 
charging process is catalyzed by specific tRNA aminoacyl synthetases (aaRSs) [137]. 
The aaRSs contain active sites where charging takes place. The aminoacylation 
reaction takes place in two steps.  First, the aaRS enzyme catalyzes the reaction 
between the amino acid and ATP. The resulting aminoacyl adenylate then serves as the 
substrate for the second step in which the amino acid is covalently attached to the tRNA 
3 adenosine at either the 2 or 3-oxygen. For fidelity purposes, various aaRSs, in 
addition to the active site, also possess an editing site important for the hydrolysis of 
non-cognate amino acid in case of mischarging [138, 139]. The tRNA 3 end is highly 
dynamic, and these local changes are relevant for both the aminoacylation and the 
post-transfer editing steps [138]. In this dissertation, local base dynamics taking place in 
the tRNAPro acceptor stem are reported in Chapter Three. 
Efforts to understand base flipping have focused mainly on DNA, probably owing 
to the immense interest in DNA base-repair mechanisms [32]. Such dynamics have in 
the past been solely investigated using various ensemble-averaged biochemical and 
biophysical methods, including NMR, chemical probing, and bulk fluorescence 
  
26 
measurements. At the atomic level, non-experimental methods such as classical 
molecular dynamics and the more specific replica exchange molecular dynamics 
simulations have also been utilized to further understand these motions [31, 121, 140-
144]. Since of all the experimental methods reported above report on the average 
behavior of the molecules present in the sample under study, single-molecule strategies 
are relevant. The single-molecule methods have an additional advantage over bulk 
methods, as they monitor individual molecules and eliminate ensemble averaging.  
Hence, these methods provide the ability to acquire additional information that may 
otherwise be lost [145, 146]. In Chapter Three of this dissertation, local base dynamics 
taking place in DNA and RNA analyzed at the single-molecule level will be described.  
1.6 Single-molecule spectroscopy 
The ultimate detection sensitivity in (bio)chemical processes is the ability to 
detect a single molecule [147]. Essentially, single molecules are resolved by use of very 
dilute solutions (picomolar-nanomolar range) [129, 147, 148]. Methods such as optical 
tweezers are examples of non-fluorescent methods that are used to study the behavior 
of individual molecules by using high frequency lasers to trap molecules followed by 
monitoring of the changes in their conformations or dynamics based on the force 
required to keep the trapped molecules within the field of view. Other single-molecule, 
non-fluorescent methods include the use of magnetic tweezers and atomic force 
microscopy [149]. The most widely utilized single-molecule methodology takes 
advantage of the fluorescence principle [150]. Fluorescence emission emanates from 
the absorption of light by some chromophores that get excited to a higher energy level 
(excited state) and emit the absorbed photons as fluorescence in order to return to the 
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ground state as illustrated by the Jablonski diagram (Figure 12). When combined with 
fluorescence microscopy, single-molecule spectroscopy utilizes highly sensitive 
detectors such as charge-couple devices (CCD), photodiode avalanche, and 
photomultiplier tubes (PMT) to detect emitted fluorescence, which is then digitized and 
stored in a computer [151]. Confirmation of detection of single molecules is carried out 
using photobleaching analysis since single molecules photobleach in a single step.  
Since absorption is proportional to the extinction coefficient (Beer’s law), typically 
a chromophore with a high extinction coefficient is easier to detect above the 
background fluorescence. Additionally, the quantum yield of a fluorophore also 
influences its ease of detection [145, 152]. Studies in the past decade have mainly 
focused on the visible region of the electromagnetic spectrum, since the fluorophores 
within this region have impressive photophysical and photochemical properties [152]. 
The caveat is that visible region fluorophores are usually bulky, and hence, may alter 
the structural and functional properties of the nucleic acid under consideration. 
Therefore, after labeling, the function of the biomolecule must be measured. 
Nevertheless, studies using visible-region fluorophores have been crucial in elucidation 
of mechanisms of interesting processes such as DNA Holliday junction formation, 
translation, splicing, RNA-based catalysis, and RNA-mediated gene regulation, among 
numerous others [104, 105, 153-155].  
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Figure 12: Jablonski diagram showing the principle of fluorescence (figure was made 
with Coreldraw). 
 
 
1.6.1 Fluorescence resonance energy transfer (FRET) 
The excited-state fluorophore emits its absorbed energy as fluorescence 
(radiative) so as to relax. Additionally, other non-radiative processes also take place 
once the fluorophore is in the excited state to allow it to return to the ground state. 
These processes include loss of energy as heat or energy transfer to neighboring 
molecules. Resonance energy transfer (RET) occurs if the absorption spectrum of an 
acceptor fluorophore overlaps with the emission spectrum of a lower wavelength donor 
fluorophore [156]. If the acceptor molecule is fluorescent, its own fluorescence can be 
recorded separately, thus giving rise to what is known as fluorescence resonance 
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energy transfer (FRET) (Figure 13). The efficiency of the energy transfer is dependent 
chiefly on the distance between the donor and acceptor fluorophore dipoles (Figure 14) 
[145]. The relationship is given by the Förster equation:  
                                           )1/(/(1 0
6 RREFRET                                                                1 
The Förster radius (R0) refers to the distance at which the efficiency of energy transfer is 
50%. It is dependent on the identity of the individual fluorophores, the spectral overlap, 
the relative orientation factor of the fluorophores, and the solution medium (i.e. 
dielectric), which determines the light refractive index [149]. R is the distance between 
the two fluorophores. The FRET-efficiency distance dependence is most sensitive in the 
region between 1 nm - 10 nm, where minute changes in the distance results in a large 
change in the FRET efficiency (Figure 14) [145, 149]. Therefore, FRET is normally 
utilized as a molecular ruler to characterize biomolecular dynamics within this range. 
Since the degree of spectral overlap also influences the FRET efficiency, compatible 
donor and acceptor fluorophores must be chosen (Figure 15). 
                        
Figure 13: Illustration of the FRET principle between a donor and an acceptor 
fluorophore using the Jablonski diagram. 
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Figure 14: FRET efficiency is dependent on the distance between the interacting 
dipoles. R is the distance between the donor and acceptor in Å. The distance at which 
the FRET efficiency is 50% is known as the Förster radius, Ro.  
 
                                                      
Figure 15: Absorption and emission spectra of the Cy3 and Cy5 fluorophores used in 
this dissertation. The two fluorophores have sufficient spectra overlap to allow FRET to 
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occur and are among the most commonly utilized single-molecule FRET donor-acceptor 
pair. 
1.6.2 Fluorescence quenching 
Whereas global dynamics (1-10 nm range) can be monitored using FRET 
between the donor and acceptor fluorophores, local sub-nanometer to low nanometer 
(10 nm) scale dynamics such as base flipping cannot be monitored using FRET owing 
to its insensitivity within this range. [24]. A second phenomenon common in 
fluorescence spectroscopy is the quenching of fluorophores. Quenching occurs when a 
quencher molecule is present in close proximity to the fluorophore, thus resulting in 
molecular orbital overlap between the two molecules. Quenching can be classified as 
either dynamic or static. Decrease in a fluorophore’s quantum yield can occur as a 
result of several quenching processes, including collisional quenching, photo-induced 
electron transfer, hole transfer, and charge transfer mechanisms [156].  
Whereas fluorescence quenching is normally viewed as a drawback, the process 
can also be utilized to study various biomolecular processes. For example, by using a 
quencher molecule and a donor fluorophore, both the Puglisi and Kapanidis labs have 
recently developed similar methods that can be utilized to study such biomolecular 
dynamics as would be analyzed using a FRET donor-acceptor fluorophore pair, but 
eliminating any negative photophysical effects of the acceptor such as bleaching [157, 
158]. Additionally, protein dynamics and folding have been studied using intrinsic 
fluorophores and quenchers such as thioamides, in which the unfolded state tryptophan 
present within the protein is highly fluorescent but quenched in the folded state [159].   
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In this dissertation work, I have utilized the dependence of the fluorescence 
properties of two nucleotide analogues, 2-aminopurine (2AP) and pyrrolo-C (PC) on 
their local environment to study local base dynamics. These nucleotide analogues are 
quenched (non-emissive) when stacked with neighboring bases, but highly fluorescent 
when not stacked [160, 161].  
1.6.3 Total internal reflection fluorescence (TIRF)-based single-molecule imaging 
Decreasing background in single-molecule fluorescence studies is required for 
successful detection. Common single-molecule fluorescence methods are either 
objective- or TIRF-based [145, 147]. In this work, prism-based TIRF spectroscopy was 
utilized to allow single molecule detection. In the prism-based TIRF spectroscopy, the 
incident beam is total internally reflected using a prism as it hits the glass-solution 
interface at an angle above the critical angle (62), and is thus total internally reflected 
(Figure 16). There is, however, generation of an evanescent wave that only excites the 
molecules close to the surface (about 100 nm). This limits the background fluorescence, 
thus making it possible to detect individual molecules [162]. 
 1.6.4 Single molecule immobilization 
To allow the monitoring of individual molecules for extended periods, single 
molecules are normally immobilized on quartz surfaces. Different methods can be 
employed for immobilization. The most common method utilizes the avidin-biotin 
chemistry, in which networks of aromatic amino acids stack to form a very strong non- 
covalent interaction [163]. Other novel methods include covalent methods such as click 
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chemistry-based strategies [164, 165].  In the click chemistry-based methods the 
molecules are covalently attached onto the quartz slides.  
 
           
Figure 16: TIRF-based single-molecule set up. The excitation beam is directed towards 
the objective using a series of mirrors. To decrease the background fluorescence and 
hence allow single molecule detection, the beam is total internally reflected using a 
prism. There is, however, creation of an evanescent wave, which only excites the 
molecules about 100 nm close to the surface. The emitted fluorescence is collected 
through the objective and split using a set of dichroic mirrors.  The donor and acceptor 
emissions are then collected side-by-side using a high-yield, quantum-efficiency, back- 
illuminated CCD. 
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1.7 Aims of this dissertation work 
We developed a novel single-molecule approach that enables experimental 
studies of DNA and RNA local base motions using fluorescent nucleotide analogues. 
We carried out studies of DNA base rotation to adopt a flipped-in or flipped-out 
orientation. We also monitored RNA binding pocket reorganization accompanying ligand 
recognition and binding (single-base-resolution local dynamics). Our new method was 
also utilized to characterize transfer RNA proline (tRNAPro) acceptor stem motions 
relevant in post-aminoacylation editing. We also elucidated the effect of macromolecular 
crowding to the folding and hence the mode of ligand recognition of the c-di-GMP 
riboswitch. 
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                   CHAPTER 2 
 
2.0                   METHODS    
 
2a    Nucleotide analogues base dynamics   
 
2.1 DNA and RNA samples purification and labeling 
 
The 2AP-containing DNA and RNA samples were acquired from the Keck 
oligonucleotide synthesis facility (Yale University), while PC-containing RNA samples 
were bought from Trilink (U.S.A).  Single-molecule samples were immobilized on quartz 
slides using the Hüisgen 1,3-dipolar-cycloaddition chemistry [166, 167].  This form of 
immobilization avoids high background fluorescence that would otherwise result if the 
more common biotin-streptavidin chemistry were utilized, since the UV excitation would 
also excite tryptophan residues present in streptavidin (Figure 17) [168]. The DNA/ RNA 
sample-immobilization strands were purchased with a terminal bromide modification. 
The terminal azide group necessary for click chemistry was introduced via a single step 
nucleophilic substitution reaction using 13 mg sodium azide (NaN3) and 30 mg sodium 
iodide (NaI) in 2 ml dimethyl formamide for 1 mole synthesized sample by heating at 
65 C for 1 hour.  The t-butyldimethylsilyl (TBDMS) protected samples were dissolved in 
anhydrous DMSO and deprotected by incubating with triethylamine trihydrofluoride 
(TEA 3HF) at 65 C for 2 hours as per the protocol. The deprotected samples were 
recovered by butanol precipitation (1 eq. butanol (100 l) and 0.1 eq. (10 l) 3 M sodium 
acetate (NaOAc), pH 5.2) per 100 l RNA sample) and pelleted by centrifugation at 
13,000 rpm for 15 minutes. Washing with 100% vol/vol ethanol was done to desalt the 
samples prior to further purification by denaturing gel electrophoresis (20% 
acrylacmide:bisacrylacmide (19:1), 7 M urea). The purified samples were eluted by 
  
36 
soaking the sample-containing gel bands in 50 mM ammonium acetate (NH4OAc) pH 
5.5) and 0.1 mM ethylenediamine tetraacetic acid (EDTA) overnight at 4 C with 
shaking. Chloroform extraction was then carried out to remove any additional organic 
impurities, which could interfere with the single-molecule experiments. Next, the 
samples were further purified by ethanol precipitation using 0.1 eq. 3 M sodium acetate 
(NaOAc), pH 5.2 and 3 eq. ethanol. The precipitated samples were then dried by 
vacuum centrifugation and dissolved in doubly deionized water. Their concentrations 
were determined based on their 260 nm absorption and characterized by MALDI-TOF 
mass spectrometry (Tables 4, 5, & 6) and stored at -20 °C. 
                                          
Figure 17: Biotin-streptavidin interaction. A tryptophan network is present within the 
biotin- binding site. PDB: 3RY2 [168]. 
 
To confirm the immobilization of the 2AP-labeled samples, experiments were 
carried out using samples that also contained the commonly utilized single-molecule 
fluorophore, cyanine 3 (Cy3). The Cy3 was covalently attached via a primary amino 
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group present in the N3-linker strand. In this reaction, the 1° amino group reacts with the 
fluorophore via a nucleophilic attack on the present carbonyl group in the dye (Figure 
18). For labeling, the Cy3 NHS ester was dissolved in DMSO and then mixed with DNA 
or RNA in 25 mM sodium bicarbonate, pH 6.5. The reaction was incubated in a 
thermomixer with shaking at 600 rpm for 8 hours at 25 C. Unlabelled and labeled 
samples were then separated using a C-18 hydrophobic column and an 
acetonitrile:tetramethylamine gradient (Shimadzu HPLC).  
                                 
Figure 18: primary amine reaction with Cy3/Cy5 NHS ester. *The carbonyl group 
activated by N-hydroxysuccinimide is highlighted.    
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Table 1: DNA strands used for base flipping studies 
*TEG - Triethylene glycol; *ddR  - (1,2dideoxyribose spacer);* N3 linker immobilization 
strand. The N3 linkers are spaced from the terminal 5 nucleotide with a 6-carbon 
spacer. The fluorescent nucleotide analogue, 2AP is shown in blue.  
 
Table 2: tRNApro sequence 
Name                           Sequence 
16 mer -(PC) - *N3 
linker  
5 N3-CCU CUC UCG CCG A PC CA 
 
57 mer RNA 5 CGG CGA GUA GCG CAG CUU GGU AGC GCA ACU 
GGU UUG GGA CCA GUG GGU CGG AGG UUCG 
 
The fluorescent nucleotide analogue PC is shown in blue. The tRNAPro contains a 
cleaved D loop. The reconstitution of the full-length tRNA is explained in the text. 
 
Table 3: SAM-1 riboswitch RNA sequences used for binding pocket 
reorganization studies 
Name                                      Sequence 
P1P3 5 AAG UGG CUU AUC AAG AGA GGU GGA GGG ACU GGC CCG 
AGA AAC CCG GCA 2AP CCU UUC AAG CGU UCU CUC GC  
P4P1 5 AAG ACG UUG AAA GAU GAG CCA CUU 
P3P4 5 AAG GGU GCC AAU UCC UGC AGC GUC UU 
N3 linker 5 N3-GCG AGA GAA CGC UU-NH2 mod C7 
  The 2AP46 that mimics the ligand in the apo riboswitch is shown in blue. 
 
 
 
 
 
Name                           Sequence 
Free 2AP 52AP(3nt eq.TEG)TGCTACCAGGCGAAGAGGCGAAG* 
SsDNA-2AP 5 TGC TAC C 2AP G GCG AAG AGG CGA AG  
DsDNA 
(complementary) 
5 CTT CGC CTG GTA GCA 
Abasic site 1 5 CTT CGC C (1nt eq. TEG) GGT AGC A * 
Abasic site 2 5 CTT CGC C (1’2’ddR) GGT AGC A * 
*N3 linker  5 N3-CCGATCTAGATACTTCGCCT* 
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Table 4: Characterization of the DNA samples used for the studies based on 
their mass:charge ratio 
 
 
 
 
Table 5: Characterization of the tRNApro samples     
Name                           Sequence Calculated 
mass  
  (m/z) 
Observed 
Mass    
(m+1) 
Free 2AP 52AP(3nt 
eq.TEG)TGCTACCAGGCGAAGAGGCG
AAG 
11465 11467 
SsDNA-2AP 5TGCTACC2APGGCGAAGAGGCGAAG 10614 10617 
DsDNA 
(complementary) 
5 CTTCGCCTG GTAGCA 4543 
 
4544 
 
Abasic site 1 5 CTTCGCC (1nt eq.EG) GGTAGC A 4422 
 
4420 
 
Abasic site 2   5 CTTCGCC (1’2’ddR) GGTAGCA 4442 
 
4440 
Name         Sequence Calculated mass (m/z) Observed mass 
      (m+1) 
 
 
 
 
Minus 3   
PO4
3- 
16-mer (PC) 
- *N3 linker  
  5’-N3-CCUCUCUCG 
CCGAPCCA 
 
  5406 
  
  5406 
57 mer RNA *G1:G1 363 345 367 
 G2:G2 363 345 367 
 C3:G4 668 650 670 
 A5:G6 692 674 694 
 U7:G9 998 981 1000 
 C10:G11 668 650 670 
 C12:G14 998 980 999 
 C15:G18 1281 1263 1282 
 G19:G19 363 345 367 
 U20:G22 999 981 1000 
 C23:G24 668 650 670 
 C25:G30 1938 1920 1940 
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The 57-mer RNA sample was digested using RNase T1.  
 
  
 G31:G31 363 345 367 
 U32:G35 1282 1264 1283 
 G36:G36 363 345 367 
 G37:G37 363 345 367 
 A38:G42 1632 1614 1634 
 U43:G44 669 651 670 
 G45:G45 363 345 367 
 G46:G46 363 345 367 
 U47:G49 975 957 999 
 G50:G50 363 345 367 
 A51:G52 692 674 694 
 G53:G53 363 345 367 
 U54:G57 1201  1227 
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Table 6: SAM-1 riboswitch samples characterization  
The 69-mer P1P3 strand was digested using RNase T1. *No – not observed  
 
 
 
 
Name         Sequence Calculated mass 
(m/z) 
Observed 
mass 
(m+1)  Minus 3’ 
Po4
3- 
P1P3  A1:G3 1022 1004 998 
 U4:G5 669 651 671 
 G6:G6 363 345 363 
 C7:G15 2880 2862 2881 
 A16:G17 692 674 694 
 A18:G19 692 674 694 
 G20:G20 363 345 363 
 U21:G22 669 651 671 
 G23:G23 363 345 363 
 A24:G25 692 674 694 
 G26:G26 363 345 363 
 G27:G27 363 345 363 
 A28:G31 1304 1286 1306 
 G32:G32 363 345 363 
 C33:G36 1279 1261 1281 
 A37:G38 692 674 694 
 A39:G45 2266 2248 2268 
 G46:G46 363 345 363 
 C47:G58 3819 3801 3890 
 C59:G60 668 650 669 
 U61:G68 2503 2485 *No 
 C69:C69 243  *No 
P4P1 5’-AAGACGUUG AAA 
GAU GAG CCA CUU 
7722 7722 
P3P4 5’-AAGGGUGCC AAU 
UCC UGC AGC GUC 
UU 
8279 8277 
*N3 linker 5’-N3-GCGAGAGA 
ACGCUU-NH2 mod C7 
4922 4923 
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2.2 Single-molecule slides preparation  
The quartz slides were extensively cleaned to remove any impurities. First they 
were soaked in Contrad soap solution overnight to dissolve most of the impurities and 
thus make them easier to clean. They were then scrubbed well using Alconox soap 
paste. The slides were next boiled in water to further get rid of remaining non-organic 
impurities.  Any present organic impurities were then cleaned off using ethanol.  They 
were next etched/cleaned by boiling in acidic piranha (conc. H2SO4 ( 51% acid): 30% 
H2O2, 3:1 ratio, respectively) for 45 minutes. The acid-etching step was crucial to 
remove any impurities that may result in increased background fluorescence especially 
when using UV excitation. If the background fluorescence is high, detection of single-
molecules is impeded. The quartz slides were then rinsed with double deionized water 
and flamed briefly over a Bunsen burner. They were then functionalized to introduce the 
terminal alkyne group necessary for click chemistry. This was achieved by incubating 
them in 60 ml ethanol and 60 l o-propargyloxy-N-triethoxy-silylpropyl-carbamate with 
gentle stirring for 1 hour (Figure 19). The functionalized slides were next rinsed in 
ethanol and sonicated for 10 minutes. They were further rinsed using autoclaved water 
and then sonicated for an additional 10 minutes in autoclaved water.  
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Figure 19: Click chemistry based nucleic acid immobilization method used in our novel 
single-molecule assay [165]. 
 
2.3 Micro-fluidic sample holding channel 
After thorough cleaning, the slides were ready for single-molecule experiments. 
The sample-holding channel was prepared keeping it narrow to reduce the number of 
freely diffusing molecules. The slide assembly was carried out using a double-sided 
sticky tape and a thin glass cover slip.  The narrow sample channel created is about 22 
mM long, 8 mM wide, and 200 M deep (Figure 20) [129]. The reduction of the sample 
volume helps to decrease Raman scattering and hence results in a less background. 
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Figure 20: Single-molecule experiments sample chamber. (a) The sample channel is 
prepared by using quartz slides and glass cover slips and a double-sided sticky tape. 
The dimensions of the micro-fluidic channel are 22 mM long, 8 mM wide and 200 M 
deep. To ensure that there is no leaking, epoxy glue is used to seal the slide-cover slip 
edges. (b) Slide tubing is used for real-time flow experiments.  
 
 
2.4 Single-molecule experiments 
2.4.1 Click chemistry for single-molecule immobilization 
The N3-modified nucleic acids were immobilized onto terminal alkyne (-CCH) 
functionalized quartz slides using the Sharpless dipolar cyclization method [164]. Briefly, 
the azide-modified oligos were annealed by heating at 90 C for 45 seconds and then 
cooled at room temperature for over 10 minutes. The samples (used for the 2AP single-
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molecule characterization experiments, the DNA abasic site mimic base flipping 
experiments and the SAM-1 riboswitch binding pocket reorganization experiments) were 
diluted to pico-molar (pM) concentrations using single-molecule imaging buffer (50 mM 
Tris-Cl, pH 7.5, 150 mM KCl, and 2-50 mM MgCl2). The tRNA
Pro-PC P4 was folded by 
heating at 65 C for 5 minutes in 50 mM HEPES-KOH, pH 7.5, 1 mM MgCl2, and 20 mM 
KCl, and then cooled at room temperature for over 10 minutes. The tRNAPro imaging 
buffer consisted of 50 mM HEPES-KOH, pH 6.5, 1 mM MgCl2, and 20 mM KCl. Copper 
(I), which is the catalytic form of copper used for click reactions, was introduced by 
reducing CuSO4 using 1 mM sodium-L-ascorbate. The diluted samples were then 
injected onto the quartz slides and incubated for 20 minutes. The unbound sample was 
then washed off with argon-degassed single-molecule imaging buffer. The removal of 
molecular oxygen by degassing helps to decrease the fluorophore photobleaching.  
2.4.2 Single-molecule 2AP/PC imaging 
Single-molecule experiments were carried out as previously described, with 
some modifications [129, 146].  Briefly, 2AP and PC were excited at 325 nm using a He-
Cd laser with powers ranging from 3 mW to 70 mW (Kimmon, Koha, Japan). Cy3 was 
excited at 532 nm using a diode pumped laser (CrystaLaser GCL-532-L, Reno, NV). In 
our setup, the emitted fluorescence is passed through a numerical aperture objective 
lens and detected using a back illuminated CCD (ixon+–BV, Andor, Wisconsin). The 
quantum efficiency of this CCD is high (>85%) at 371 nm, which is the emission 
maximum of 2AP and >95% above 400 nm. PC has an emission maximum of 450 nm, 
which is within the visible range of the electromagnetic spectrum (information about the 
quantum efficiency is from the Andor CCD camera webpage (http://www.andor.com/). 
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2.4.3 Single-molecule, base-flipping data analysis 
A lab-customized IDL programme was used to pick single molecules after data 
acquisition [129]. The raw data was then analyzed using a home-written Matlab script, 
which picks the changes in 2AP or PC fluorescence (http://www.mathworks.com). The 
static molecules were used to determine the fluorophore photobleaching lifetimes, and 
the dynamic molecules were used to calculate base-flipping kinetics by fitting to a 
single-exponential decay rate equation. 
               

y  y0  Aexp((1/) t)                                                                         4 
in which -1/ is the rate and A the initial count.  
2.5 Steady-state fluorescence experiments  
Samples (1 M) were heat annealed as described above and fluorescence 
measurements were carried out in 140 l quartz cuvettes using a Cary Eclipse UV-Vis 
fluorometer (Varian inc). The 2AP was excited at 305 nm and emission was monitored 
at 371 nm (max emission), whereas PC was excited at 350 nm and monitored at 450 
nm using A PMT value of 800 and 5 nm bandwidths. 
2.6 Molecular dynamics simulation 
The AMBER 10 forcefield was used for the molecular dynamics simulation 
through the Wayne State University computing grid (https://www.grid.wayne.edu/). The 
starting coordinates of the ligand-free SAM-1 riboswitch were derived from the protein 
data bank (PDB: 3IQR) [95]. Missing hydrogen atoms were added using freely available 
MolProbity software (http://molprobity.biochem.duke.edu/) [169]. The structure was 
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visually inspected using Pymol (http://www.pymol.org/) to confirm the addition of 
hydrogens at the right positions. The Ba2+ divalent cations present during crystallization 
were not included in the simulation. This as previously reported, however, does not 
affect the integrity of the simulation since the monovalent ions that are present are 
sufficient to avoid any unfolding of the riboswitch [170]. The structure was loaded into 
AMBER using Xleap.ff03 and the topology and coordinates files necessary for 
simulation were generated (http://ambermd.org). An octahedral solvation TIP3P box of 
10 Å with periodic boundaries was added to explicitly solvate the riboswitch. The RNA 
negative charge was neutralized using explicit Na+ ions equal in number to the 
phosphates in the RNA. Energy minimization using the steepest descent algorithm was 
carried out twice to equilibrate the system and fix any wrong contacts. First, the solvents 
and the sodium ions were energy minimized holding the riboswitch constant for 1000 
steps. A second energy minimization was done on the whole system for a total of 2500 
steps. In both minimization steps a distance cutoff of 10 Å was employed for 
electrostatics calculations. Next, a 20 ps MD at constant volume was carried out 
employing weak restraints on the riboswitch. Here, the system was heated from an 
initial temperature of 0 K to a final temperature of 300 K. A distance cutoff of 12 Å for 
electrostatics was used during the simulation.  A 10 ns MD simulation without restraints 
was then carried out with integration steps of 2 fs at a constant pressure of 1 atm and a 
cutoff of 12 Å [171]. The simulation was viewed using visual MD (VMD) [172] and both 
RMSD and residue b-factors were calculated using ptraj (http://ambermd.org) .  
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2b   Cyclic diguanylate riboswitch folding under molecular crowding 
2.7 c-di-GMP riboswitch aptamer sample purification 
The c-di-GMP aptamer sequence was derived from the Vibrio chorelae tfox gene 
[90, 128]. The two strands making up the aptamer contained the Cy3 donor on one 
strand, while the other strand was labeled with Cy5. The donor and acceptor labeled 
strands were 30-and 60-nucleotides long, respectively. The RNA samples were 
purchased from the Keck oligonucleotide synthesis facility at Yale University. The 
immobilization strand contains a terminal biotin modification to allow the utilization of the 
non-covalent biotin-avidin chemistry. The wild type c-di-GMP aptamer used in our 
experiment consists of 2 strands.  
Strand 1: 5-Cy3-UUG GUAGGU AGC GGG GUU ACC GAU GGC AAU A-biotin-3). 
The Cy3 fluorophore was introduced during chemical synthesis and,  
Strand 2: 5-UGU CAC GCACAG GGC AAA CCA X UCG AAA GAG UGG GAC GCA 
AAG CCU CCG GCC UAAACC AA-3, in which X is dT modified with a C7 amino linker 
by which Cy5 was covalently attached during labeling. Long-range interaction mutants 
were generated by mutating positions 33, 44, and 83 (Table 7). The Cy5 NHS ester 
labeling scheme used is similar to that described in Section 2.1 for Cy3 NHS ester. The 
unlabelled and labeled samples were separated using a C-18 hydrophobic column and 
an acetonitrile (100%):100 mM tetramethylamine(TEAA) gradient (Shimadzu HPLC). 
First the column was equilibrated using 100% ACN and then 100 mM TEAA was 
introduced gradually first to 10% for 10 minutes, then to 40% for 20 minutes and then to 
60% for 10 minutes [146].  PEG (8 KDa), dextran (10 KDa) and ethylene glycol were 
purchased from Sigma Aldrich, while c-di-GMP was purchased from Axxora LLC (New 
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York) and were all used without any additional purification.  
 
Table 7: The c-di-GMP aptamer sequences used in the study 
Name Sequence 
WT Red 5-Cy3-UUG GUA GGU AGC GGG GUU ACC GAU GGC AAU A-
biotin-3 # 
WT Blue 5-UGU CAC GCA CAG GGC AAA CCA X UCG AAA GAG UGG GAC 
GCA AAG CCU CCG GCC UAA ACC AA-3 * 
A33U Blue 5-UGU CAC GCA CAG GGC AAA CCA X UCG UAA GAG UGG GAC 
GCA AAG CCU CCG GCC UAAACC AA-3  #  * 
C44A Blue 5-UGU CAC GCA CAG GGC AAA CCA X UCG AAA GAG UGG GAA 
GCA AAG CCU CCG GCC UAA ACC AA-3  # * 
G83C Red 5-Cy3-UUG GUA GGU ACC GGG GUU ACC GAU GGC AAU A-
Biotin-3 # 
 # Highlighted are the positions of the Cy3 and Cy5 labels and the positions of the long-
range interactions mutations. The Cy3 fluorophore was introduced during chemical 
synthesis. X is dT modified with a C7 amino linker by which Cy5 was added. 
 
2.8 Single-molecule FRET experiments  
Single-molecule experiments were carried out as previously described [106, 
129]. Briefly, 5 µM and 10 µM Cy3- and Cy5-labeled RNA samples, respectively, were 
annealed by heating at 90 °C for 45 s and cooling to room temperature for 15 minutes. 
The samples were next diluted to a final concentration of 25 pM of donor and 50 pM 
acceptor using a single-molecule imaging buffer consisting of 50 mM Tris-Cl, pH 8.0, 30 
mM KCl, 25 mM NaCl, and 2.5 mM MgCl2. The samples were immobilized on quartz 
slides using the biotin-streptavidin linkage by incubating for 10 minutes. To minimize 
photobleaching, single-molecule data were acquired under an imaging buffer 
complemented with an oxygen-scavenging system consisting of 5 mM photocatechuic 
acid and 0.1 µM photocatechaute-3,4-dioxygenase (PCD, PCA) in saturating Trolox 
cocktail [173]. For measurements under molecular crowding conditions, 5-25% wt/vol of 
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PEG, dextran and ethylene glycol supplemented the imaging SM buffer.  For the ligand-
bound aptamer, a 100 nM concentration of c-di-GMP was chosen, which is the KD under 
dilute conditions [106].  The Mg2+ requirement for folding of the apo form aptamer under 
crowding conditions was determined by varying Mg2+ concentration from 0-50 mM at 
15% wt/vol PEG. In the presence of ligand, the Mg2+ requirement was analyzed in 
saturating c-di-GMP concentrations (1 µM) and 15% wt/vol PEG. The c-di-GMP binding 
affinity in macromolecular crowding conditions was determined by varying c-di-GMP 
concentration from 0-1 µM at 15% wt/vol PEG and 2.5 mM Mg2+. For data acquisition, 
Cy3 was excited at 532 nm using a diode pumped laser (CrystaLaser GCL-532-L, 
Reno, NV) in a TIRF-based single-molecule spectroscopy setup. The donor and 
acceptor emissions were split using a 610 nm dichroic mirror (610DCXR, Chroma) and 
directed side-by-side using a second dichroic mirror through a numerical aperture 
objective lens and then detected using a back-illuminated >95% visible region quantum 
efficiency CCD (ixon+–BV, Andor, Wisconsin).  The donor and acceptor images were 
recorded on separate donor and acceptor channels and bead-mapped for FRET 
analysis. The docked and undocked states were distinguished by using a FRET cut-off 
value of 0.5. The dependence of the static c-di-GMP riboswitch docked population on 
PEG, Mg2+ and c-di-GMP was used to determine the transition half points (PEG50, KMg
2+ 
and the KD) by fitting to the Langmuir adsorption isothermal equation, 
                              )/()max()( 2/100 xKxfffxf 
                                                   5  
in which f0 and fmax are the initial and the saturating static docked fractions respectively, 
and x is either PEG, dextran, c-di-GMP, or Mg2+ concentration. The kdock and kundock 
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values were determined by fitting the dwell times of the dynamic undocked and docked 
molecules to a single-exponential decay rate equation.            
2.9 Steady-state FRET measurements  
The Cy3- and Cy5-labeled samples (25 nM and 50 nM, respectively) were heat 
annealed as described above. Fluorescence measurements were carried out in 140 l 
quartz cuvettes using a Cary Eclipse UV-Vis fluorometer (Varian inc). Cy3 was excited 
at 535 nm and emission was monitored from 550 nm to 700 nm with 335-620 nm donor 
and 430-1100 nm acceptor cut-off filters. A PMT value of 850 and 10 nm bandwidths 
were used. The experiments were carried out at 25 °C and FRET was calculated from 
the intensities, using the equation.  
                                   663664664 /( IIIFRET  ,                                                                6 
 in which I664 and I563 are the Cy5 and Cy3 intensities, respectively [156].
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                                                                  CHAPTER 3 
3.0  NUCLEOTIDE ANALOGUE SINGLE-MOLECULE FLUORESCENCE 
3.1 Base flipping 
Base flipping is an important local base reorganization in nucleic acids, which 
permits the accessibility of the base to modifying factors or reorganizes the nucleic acid 
for its optimal function [32]. In 1993, structural evidence of base flipping in DNA was 
confirmed following the co-crystallization of the cytosine methyltransferase, Mha1, its 
target DNA, and S-adenosyl homocysteine (SAH), which is the product following the 
loss of a methyl group from SAM, the universal methyl donor [174].  Conformational 
rearrangement of the methylated cytosine (m5C) from the helical groove of the DNA to 
the protein’s active site ensures accessibility of the base for the methylation to take 
place. This is an example of local dynamics in DNA. These forms of base dynamics can 
take place even after the DNA is base paired to adopt it’s native conformation. 
Additionally, in this structure, minimal perturbation of the overall helical form of the DNA 
was reported, thus demonstrating that the local changes may not be coupled to the 
formation of the double helix. Further, evidence of the non-flipped state of the cytosine 
confirmed that stabilization of the base in the active site is protein dependent [175].    
The actual role of the methyltransferase in the mediation of the base-flipping 
process cannot, however, be elucidated from crystallographic studies. While cytosine 
methylation at the C5 position is most prevalent in DNA within CpG islands, other 
probable methylation points include N4-methylcytosine (m4C). In this system, evidence 
of base flipping has also been reported from structure studies [176]. The other bases 
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may undergo methylation, including adenine at positions 3 and 6 and guanine at 
position 7 [32]. Evidence of base flipping has largely been reported either as a necessity 
for the introduction of the base modification, or for the excision of the modified bases 
when not required in DNA [32]. Whereas it is evident that the protein has a role in 
maintenance of the flipped-out base in the extra-helical configuration, the process of 
initiation of the base rotation remains only vaguely understood. It is thus unclear 
whether it is the enzyme that initiates the process, or if the base is captured into the 
protein active site during the normal base-breathing process [32].  
A second common base-flipping occurrence in DNA is during DNA repair 
processes. Following formation of mismatches in DNA such as the incorporation of 
thymine opposite guanine, the mismatch repair pathway (MMR) is activated. For the 
phosphodiester bonds to be cleaved and remove the mismatch, the protein has to 
access the DNA. This process utilizes an elegant DNA-recognition strategy in which 
specific base sequences are important for the protein to bind. Several nucleotides are 
excised during the MMR in addition to the mismatched base. Base flipping is of 
importance during DNA mismatch repair (MMR), as it ensures necessary 
rearrangement to allow recognition and access by the repair factors [144].  Closely 
related to MMR is the base excision repair (BER) pathway. However, unlike MMR, BER 
is more specific to only targeting the bases to be removed [177].  
In addition to structure studies, base flipping has also been studied at the bulk 
level using fluorescent nucleotide analogues to replace the natural bases in DNA/RNA.  
Although 2-aminopurine (2AP) has been utilized widely as a probe for base flipping in 
DNA due to its quantum-yield sensitivity on its local environment, the base-flipping steps 
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have not been fully understood. The ensemble-averaged biochemical or structural 
experiments cannot be used to elucidate the actual mechanism or the role of the 
cofactor on base-flipping initiation [141, 178].  To address this, we have utilized single-
molecule analysis to study the behavior of 2AP when incorporated across a DNA 
abasic-site mimic where we replace the A that flips out in the natural sequence [120]. 
We have also replaced A46 with 2AP in the SAM-1 riboswitch binding pocket to study 
the binding pocket reorganization [95], and additionally replaced C74 in tRNAPro with 
pyrrolo-C (PC) to study local dynamics within it’s acceptor stem [179]. 
3.2 Fluorescent nucleotide analogues 
Fluorescent nucleotide analogues are structurally similar to the naturally 
occurring nucleic-acid bases, but have high emissive fluorescence properties in 
comparison to their natural analogues. The optical properties of the nucleotide 
analogues are highly dependent on their local environment [142]. When solvent 
exposed, they are highly fluorescent, but their quantum yield decreases significantly 
when flipped into DNA or RNA helices. Several mechanisms are believed to contribute 
to their quenching. These may include charge transfer, energy transfer, and collisional 
quenching [156, 180]. The nucleotide analogues are thus more quenched when -
stacking with neighboring bases. The degree of quenching is higher for purines than 
pyrimidines as the purines have a higher stacking efficiency. Different nucleotide 
analogue decay times have been reported and are believed to result from differences in 
the stacking interactions, which can either be partial or full stacking [180-183].  
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Some of the nucleotide analogues have been used extensively in ensemble-
averaged studies to investigate various biomolecular processes, including base flipping, 
RNA-protein interactions, and RNA folding [120, 121, 143, 184]. The most widely 
utilized is 2-aminopurine (2AP), which was first discovered in 1969 [160]. 2AP is a 
structural isomer of adenine and can therefore base pair with thymine in DNA or uracil 
in RNA via its WC face. Hoogsteen base pairing is also favorable between 2AP and 
adenine. The retention of the hydrogen-bonding potential in 2AP ensures that it largely 
behaves like its natural isomer, adenine, when present in DNA/RNA (Figure 21). 
Pyrrolo-cytosine (PC) is the second nucleotide analogue that we utilized in our studies 
[161, 184, 185]. It can interact favorably with guanine in nucleic acids.  The presence of 
three hydrogen-bonding sites in PC makes it an excellent replacement for cytosine 
(Figure 21).  Due to the small sizes of 2AP and PC, they can be incorporated in DNA or 
RNA without structural perturbation. Though these chromophores have been widely 
utilized for ensemble-averaged fluorescence measurements, they remain 
uncharacterized for single-molecule studies.  
                                
Figure 21: Chemical structures of 2AP and PC showing the retention of hydrogen- 
bonding potential to their cognate pairing partners in DNA and RNA. The small sizes of 
these nucleotide analogues make them favorable for nucleic acid incorporation, as they 
do not perturb the overall structure. 
 
  
56 
Here, we describe a novel single-molecule strategy for the utilization of 2AP and 
PC to investigate local nucleic-acid dynamics. Due to the large red shift in their (and 
other nucleotide analogues) absorption and emission spectra, they can be selectively 
excited in the presence of normal bases (Figures 22 & 23). The nucleotide analogues 
absorb within the near ultra-violet (UV) region compared to the normal bases, which 
absorb in the deep UV. In addition to their non-structural perturbation when 
incorporated, the nucleic acid function is also retained in the presence of the analogues, 
as reported in numerous studies. For instance, DNA can be replicated and transcribed 
normally in presence of 2AP, and HIV reverse transcriptase can read through PC in the 
template RNA [161, 186, 187].  
                      
Figure 22: Emission spectra of 2AP strands used in our experiments. When not stacking 
with any bases ('free'), 2AP has a high quantum yield, but it’s highly quenched when 
stacking in a single-stranded DNA. The 2AP base has well-shifted spectral properties in 
comparison to normal nucleic-acid bases. 
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Figure 23: PC emission spectrum with maximum emission at 460 nm. The red-shifted 
absorption and emission imply that specific excitation can be achieved when 
incorporated in DNA/RNA.  
 
Based on their overall properties, the utility of the fluorescent nucleotide 
analogues in the studies of important processes such as RNA local rearrangements, as 
well as DNA base flipping, cannot be overemphasized. Whereas this has been 
effectively achieved at the bulk level, extension to single-molecule spectroscopy has not 
yet been reported. This is mainly due to the spectral properties of the nucleotide 
analogues, which make them more challenging to utilize compared to the visible region-
absorbing fluorophores [152, 156]. The extinction coefficients of the fluorescent 
nucleotide analogues are far below those of the visible region fluorophores [152]. 
Therefore, single-molecule detection above the background signal becomes more 
difficult within the UV region. Fortunately, novel background suppression methods, 
newer more powerful laser sources, and more UV region sensitive detectors continue to 
be developed [165, 188]. Recent studies have reported a library of new fluorescent 
nucleotide analogues, thus increasing the arsenal of available fluorophores similar to 
2AP and PC [189].  
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3.3 Nucleotide analogue single-molecule spectroscopy 
Although recent work has reported the detection of UV-absorbing organic 
molecule chromophores adsorbed on quartz surfaces, there are no reports to date of 
single-molecule detection of UV-absorbing fluorescent nucleotide analogues [188, 190]. 
In this work, we developed a novel approach that can be used to monitor single PC and 
2AP fluorescence following immobilization methods that extensively suppress the 
background fluorescence [165]. Background fluorescence is a major hindrance in 
single-molecule spectroscopy (SMS), especially within the UV region.  The increased 
UV region background stems from increased Raleigh scattering within this region, UV 
absorption of most molecules that may hence behave as impurities if present in the 
samples, and general optics absorption of UV [151, 156]. Whereas TIRF-based single-
molecule methods ensure minimal background fluorescence due to the non-direct 
excitation with the incident beam and thus enable the detection of highly bright 
fluorophores absorbing within the visible region, in the UV region in addition to the 
minimization of the excited depth in the sample chamber, also requires a reduction of 
the number of particles that can raise the background signal and hence interfere with 
the single-molecule detection [145, 147]. One of the probable sources of increased 
background fluorescence in single-molecule spectroscopy is the protein 
macromolecules used for samples immobilization.  
The success of UV region single-molecule detection therefore requires either 
methods that will enhance the fluorescence emitted to higher levels for ease of 
detection or strategies that effectively suppress any background emission. The 
enhancement of fluorescence using plasmons is one strategy that has been recently 
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pursued chiefly on the visible region-absorbing fluorophores with a possible utilization 
for in vivo imaging analysis. The process of metal enhancement of fluorescence is 
based on the utilization of metals such as gold or silver to create an electric field around 
the fluorophore, which results in enhancement of the fluorophore’s emitted fluorescence 
[191-195]. In addition to the visible-region fluorophores, the Lakowicz lab has also 
recently demonstrated that aluminum metal can be used to enhance the emission of 
UV-absorbing fluorophores [196]. One challenge, however, for the utilization of 
plasmons is that they have been reported to aggregate into colloids, resulting in an 
increase in the background fluorescence. This strategy may not be easily utilized for the 
UV-region single-molecule studies [197]. Alternatively, total suppression of the 
background fluorescence is a viable approach as shown in this chapter.  
In this work, we employed a novel single-molecule immobilization approach that 
utilizes the click-chemistry method developed by Sharpless, instead of the more 
common biotin-streptavidin method, in an effort to reduce the number of freely diffusing 
molecules in our samples and decrease the background signal [165-167]. This method 
offers an advantage over the biotin-streptavidin method because the background signal 
that would emanate from the tryptophan network within streptavidin is avoided. Using 
this novel immobilization method, the background signal can be largely decreased and 
hence fluorescence emanating from 2AP and PC incorporated within DNA and RNA 
molecules can be detected. Using 2AP-containing DNA, we for the first time 
investigated base flipping at the single-molecule level. We created an abasic-site mimic 
to favor the flipping-in and flipping-out dynamics. Additionally, we utilized 2AP to 
investigate the SAM-1 riboswitch binding pocket base dynamics. Finally, we utilized our 
  
60 
strategy to study the dynamic behavior of the tRNAPro acceptor stem bases using PC as 
the reporter in presence and absence of prolyl-tRNA synthetase.  
3.4 Results and discussion 
3.4.1 Photophysical properties of 2AP and PC 
We investigated the photophysical properties of 2AP and PC to determine if they 
are useful for single-molecule (SM) studies. The first step was to determine that these 
nucleotides could be detected. For the 2AP characterization, DNA samples containing 
Cy3 in addition to 2AP were used (Figure 24). The Cy3, which is a commonly used SM 
fluorophore, was included in one of the DNA strands to make it easier to track the 
immobilized DNA molecules. The 2AP was separated from the terminal nucleotide with 
a triethylene gycol spacer to remove stacking interactions. The Cy3 excitation (532 nm) 
was used first to confirm the immobilization of the DNA, followed by 2AP (325 nm) 
excitation after the photobleaching of Cy3 to monitor the 2AP fluorescence. These 
results demonstrate the ability to detect single 2AP fluorophores (Figure 24). 2AP was 
then excited directly using the He-Cd laser (325 nm) in the 2AP non-stacking DNA 
samples (Figure 25). A second nucleotide analogue was also characterized so as to 
replace tRNAPro C74 to study dynamics within its CCA end (explained in section 3.9.1). 
The tRNAPro was reconstituted using two RNA (57-mer and a 16-mer) strands 
(explained in Methods Chapter two). The 16-mer strand contains the azide modification 
for slide immobilization and also has the PC fluorophore near the 3 end such that once 
the tRNAPro is constituted the PC replaces C74 and hence can be used to monitor the 
local acceptor stem dynamics. Characterization of PC at this position was done by 
exciting it at 325 nm as carried out for 2AP (Figure 25). Our results show that PC is also 
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useful for SM studies and when incorporated at this position due to its closeness to the 
3 end stacking interactions are less favored and therefore majority of the molecules 
(95%, n=222) had static fluorescence (Figure 25). We attribute this behavior to the 
structure of the short 16-mer strand and the nearness of the fluorophore to its terminal 
end. Additionally, these results show that the two fluorophores fluoresce steadily without 
blinking, and photobleach in a single step where the 2AP DNA construct is devoid of 
any base-stacking interactions (free 2AP), and PC has the possibility of only poor 
stacking interaction (Figure 25).  
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  Figure 24: Detection of 2AP at the single-molecule level. a) The samples were 
immobilized using click chemistry, the anchor DNA has the terminal azide while the 
quartz slides were functionalized with a terminal alkyne group (described in detail in the 
Methods Chapter two and illustrated in (b)). Cy3 present in the immobilized DNA 
samples was excited using a 532 nm laser and blocked after photobleaching. The UV 
excitation was switched (325 nm) and the 2-aminopurine (2AP) fluorescence emission 
was monitored.  c) A representative single-molecule trajectory to show the emission of 
2AP following Cy3 photobleach is given. 
 
3.4.2 2AP and PC photostability  
To determine whether 2AP and PC are sufficiently photostable for feasibility as 
single-molecule probes, their photobleaching lifetimes were determined. The 
fluorescence duration lifetimes of hundreds of non-dynamic single-2AP and PC 
molecules were fitted to a single-exponential decay equation (shown in Methods 
Chapter two), which give photobleaching lifetimes  (pb) of 40 s and 90 s, respectively 
(Figure 25 a-e). These results show that the fluorophores are sufficiently stable and can 
thus be monitored for extended periods before they photobleach. Our experiments were 
carried out in the absence of an oxygen scavenger system, since these molecules too 
can increase the background fluorescence. To reduce the amount of photo-destructive 
molecular oxygen, the imaging buffers were purged with argon.  
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Figure 25: Determination of 2AP and PC single-molecule lifetimes. a) Representation of 
the immobilized DNA (sequence shown on Figure 24) with non-stacking 2AP attached 
on its 5 end. To ensure non-stacking, the base analogue was separated from the 
terminal base using a triethylene glycol spacer (as shown in Figure 24), which ensures 
non-stacking between the fluorophore and the DNA base. b) A representative 2AP 
single-molecule trace shows that the non-stacking fluorophore (‘free’) photobleaches in 
a single step and also fluoresces steadily without blinking. c) Fitting of single-molecule 
trajectories to a single-exponential decay equation gives a 2AP lifetime of approximately 
40 s (the 2AP photobleaching lifetime histogram was determined by Elvin Alemàn). d) 
Schematic representation of the immobilized 16-mer PC-labeled RNA used in section 
3.9.1 for the immobilization of the tRNAPro to monitor its acceptor stem dynamics. The 
fluorophore is near its 3 end.  Click chemistry was used for immobilization using the 
azide group on the RNA and functionalizing the quartz slides with a terminal alkyne. 
Due to this short RNA structural nature and the position of the fluorophore, stacking 
interactions are less favorable compared to the full-length tRNAPro. e) Representative 
PC single molecule trace showing that placing the fluorophore near the RNA 3 end 
favors static behavior similar to the ‘free’ DNA construct above. f) Fitting of single-
molecule trajectories to the single-exponential decay equation show that the PC 
photobleaching lifetime is about 90 s.  
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3.4.3   stacking 2AP and PC dynamics 
When 2AP is moved to the middle of a single-stranded DNA or opposite an 
abasic-site within DNA where it can effectively stack with its neighboring bases, it shows 
a different kind of behavior from the non-stacking (‘free’) 2AP. Here, the results show 
that the fluorophore becomes dynamic and alternates between bright (emissive) and 
dark (non-emissive) states. Following extensive controls using the non-stacking 
constructs as described in Sections 3.4.1 and 3.4.2, we deduced that the bright and 
dark states stem from stacking and unstacking dynamics (Figure 26).  Our studies using 
the tRNAPro with PC at position 74, which is within the single-stranded acceptor stem 
region, also shows similar results (this is explained in detail in Section 3.9). 
 
 
Figure 26:  stacking nucleotide analogue dynamics. a) Moving of 2AP to the middle of 
DNA results in the fluorophore alternating between a dark (non-emissive) and a bright 
(high-quantum yield) state. Shown here is 2AP present in a DNA abasic-site mimic 
where it can stack with its neighboring bases. The grey line shows click-chemistry 
based immobilization while the red line shows the spacer in the DNA used to create the 
abasic site (explained in detail in section 3.7, Sequence is shown in Figure 30). 
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3.5 2AP and PC display two kinds of behavior  
 Overall, our characterization results show that both 2AP (utilized in Sections 3.6 
& 3.7) and PC (utilized in Section 3.8) have different types of behavior based on their 
location within DNA or RNA. When they are not stacking with neighboring residues, the 
fluorophores are highly emissive and do not show any dynamics. On the other hand, 
when they are stacking with neighboring bases they alternate between a highly 
fluorescent state and a quenched state. We therefore utilized these properties to study 
base dynamics of 2AP opposite an abasic site, 2AP46 dynamics within the SAM-1 
riboswitch and PC74 dynamics within the tRNAPro acceptor stem end, which will be 
described in the following sections (Sections 3.6, 3.7 & 3.8, respectively). 
3.6 Base flipping motion in an abasic site-containing DNA 
 During base excision repair (BER), small DNA lesions resulting from, for 
instance, the formation of cyclobutane pyrimidine dimers, oxidation of bases, or other 
covalent modifications such as alkyl groups, are remedied [177]. The base-excision 
process requires DNA glycosylases, which initiate the repair cascade by creating an 
abasic site in the DNA. An example of a key BER enzyme is uracil DNA glycosylase, 
which catalyzes the excision of uracil or thymine if present opposite guanine [198]. Base 
flipping is evident in the repair process, in which it precedes the base excision by the 
glycosylase [32]. The depurination or depyrimidination creates an apurinic or 
apyrimidinic (AP) site and is followed by the cleavage action of an AP endonuclease. 
This step cleaves the phosphodiester bond to remove the lesion. The loss of the base in 
the DNA, which creates the abasic site, alters the local DNA geometry and allows 
access of the cleavage site to the AP endonuclease (Figure 27) [199]. The loss of the 
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base may occur spontaneously or may be due to enzymatic action. This reorganization 
of the local geometry is important as has been shown for the dideoxyribose sugar in the 
AP endonuclease crystal structure, which captures the abasic site deoxyribose flipped 
out of the helix into the endonuclease core, which precedes the cleavage of the 
phosphate backbone to allow the DNA repair to proceed.  
 The creation of the abasic-site mimic changes the DNA local dynamics, resulting 
in enhanced dynamics of the base opposite the AP site as it is not under as much 
conformational restriction in comparison to the paired bases and therefore has more 
freedom to flip out of the helix. To understand these dynamics, we incorporated 2AP 
opposite an abasic-site mimic and used our single-molecule setup to monitor its 
behavior. 
                         
Figure 27: Change of the local DNA geometry following the creation of an abasic site 
(AP site) in DNA by glycosylases. The deoxyribose (shown in red) is flipped into the 
endonuclease core (PDB: 4B5F) [199]. 
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3.6.1 2AP fluorescence across a DNA AP site  
DNA constructs containing 2AP opposite a DNA abasic site were used in our 
studies. Two types of constructs were considered. A ‘true’ abasic site, in which 2AP was 
opposite a 1,2-dideoxyribose spacer, and a second construct, in which the 2AP was 
opposite a single-nucleotide equivalent 2C spacer connecting the bases (Figure 28). 
 
Figure 28: Abasic site in DNA. a) The natural abasic site deoxyribose in DNA following 
the loss of the base. b) The 12-dideoxyribose spacer used to create the ‘true’ abasic- 
site mimic in our experiments.  c) The second type of spacer utilized in our studies to 
connect corresponding nucleotides in the DNAs and hence enhance the base flipping 
dynamics (the abasic-site sequences are shown in Methods Chapter 2 and the 
construct used is shown in Figure 30). 
 
3.6.2 Mg2+ and Ca2+ - induced base flipping in abasic site-containing DNA 
The 2AP fluorescence when incorporated opposite an abasic site increases with 
[Mg2+] and [Ca2+] inferring to a conformational strain rectified by base rearrangement to 
a less-stacking state. In the ensemble-averaged experiments, we determined the Mg2+ 
and Ca2+ binding constants for our sequences (shown in the Methods section). In the 
‘true’ abasic site mimic a KMg
2+ of 61 ± 10 mM and a KCa
2+ of 65 ± 8 mM were 
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determined by fitting the increase in fluorescence to a modified Hill equation (shown in 
Methods) (Figure 29). The second construct made of an ethylene glycol spacer abasic 
site yielded a KMg
2+ of 44 ± 11 mM. ‘Real time’ analysis confirmed that the increase in  
fluorescence was a result of metal binding. As a control, the free 2AP DNA construct 
was also titrated with Mg2+ in which the increase in fluorescence reported for the abasic 
site-mimic was not observed (Figure 29).  
 
      
Figure 29: Mg2+/Ca2+-dependent increase in 2AP opposite DNA abasic site 
fluorescence. a) Increase in 2AP fluorescence incorporated opposite a DNA abasic site 
following increase in [Mg2+]. The fluorophore is opposite a dideoxyribose spacer 
(referred here as a ‘true’ abasic site). The abasic site conformational change is not 
specific to Mg2+, as Ca2+ also leads to similar results. b) A second abasic-site mimic to 
understand the behavior of the base by changing the local DNA architecture was used. 
In the creation of the ‘non-true’ abasic site, the base opposite the fluorophore was 
removed and instead of introduction of a dideoxyribose as the spacer, a one-nucleotide 
equivalent ethylene glycol spacer was used. These steady-state fluorescence studies 
show that the behavior of the fluorophore is similar in the 2 abasic site-mimics. c) Real-
time observation of Mg2+-mediated reorganization of the abasic site containing DNA to 
favor the flipped-out conformation. d) The metal ion dependent increase in fluorescence 
  
69 
is due to changes in the stacking behavior of the base. Introduction of Mg2+ to ‘free’ 2AP 
(non-stacking DNA construct), does not show any fluorescence increase.  
 
 
3.6.3 DNA abasic site single-molecule studies 
To understand the etiology of the increase in net 2AP fluorescence with [Mg2+] 
and [Ca2+] across the abasic site in the ensemble, we used our novel UV single-
molecule setup to monitor the behavior of individual 2AP molecules with increase in 
[Mg2+] (Figure 30). Two types of 2AP populations were reported across the abasic site. 
One population showed the dynamic behavior, while the other population was static, in 
agreement with the differences in stacking interaction as explained in Section 3.5 
(Figure 31). To further understand the observed increase in fluorescence intensity in 
bulk experiments, we determined the base-flipping rates and also the relative fractions 
of the two populations at 10, 20, and 50 mM [Mg2+]. 
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Figure 30: Abasic-site DNA construct used for single-molecule studies. a) Schematic 
diagram showing the immobilization of the abasic-site mimic used for single-molecule 
studies. In presence of Mg2+, the equilibrium shifts towards the flipped-out configuration. 
b) The spacer used to create the abasic-site mimic. c) Illustration of the click chemistry 
used for immobilization.   
 
Figure 31: Single-molecule analysis of abasic-site mimic 2AP behavior. a) 
Representative single-molecule time trajectories showing a high turnover between the 
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bright and dark conformations of 2AP opposite the DNA abasic site. b) Representative 
single-molecule time trajectories showing the fully flipped out bright conformation of 2AP 
opposite the DNA abasic site.  
 
3.6.4 DNA abasic site base flipping kinetics 
We determined the base-flipping rates by fitting the dwell times of the dynamic 
populations to single-exponential functions. The flipped-in and flipped-out lifetimes were 
picked using home-written Matlab scripts. Our results show an exponential behavior of 
2AP flip-in and flip-out lifetimes for the three Mg2+ concentrations investigated. The kflip-in 
and kflip-out were 0.2 s 
-1 and 0.6 s -1 at 10 mM Mg2+, 0.6 s -1 and 0.4 s -1 at 20 mM Mg2+, 
and 0.3 s -1 and 0.7 s -1 at 50 mM Mg2+, respectively (Figure 32). Our results show that 
the changes in the flip-in and flip-out rates were not significant between 10 and 50 mM 
Mg2+. This implies that the observed change in the fluorescence behavior in the 
ensemble is not as a result of changes in the base dynamics rates (Figure 32). 
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 Figure 32: Abasic site DNA 2AP dynamics. a) Dwell time histograms used to determine 
the flip-out rates at different [Mg2+]. The flipping out rates at 10, 20 and 50 mM Mg2+ are 
similar at about 0.6 s -1. b) Dwell time histograms to determine the flip-in rates at 
different [Mg2+]. The flipping in rates at 10, 20 and 50 mM Mg2+ are similar at about 0.3 s 
-1. 
 
3.6.5 Mg2+- mediated 2AP-DNA abasic site population reorganization  
We next quantified the fractions of the two types of molecules reported. The first 
population alternates between the flipped-in and -out states (dynamic), while the second 
population is fully flipped-out (static) as shown in Figure 31. Our results show that the 
increase in bulk 2AP fluorescence emanates from an increase in the fraction of 
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molecules that are fully flipped-out with an increase in [Mg2+]. The static population at 
10 mM [Mg2+] is 22%, which increases to 49% at 50 mM [Mg2+] (Figure 33). The 
remainder of the population is dynamic. These results show that once Mg2+ binds, the 
molecule undergoes local base rearrangement towards the flipped-out configuration. 
This result is in agreement with the kinetic analysis, which showed that the rates are 
insensitive to Mg2+, implying that only the Mg2+-bound population is static.  
                       
Figure 33: Mg2+-mediated population abasic-site 2AP reorganization. a) The fraction of 
the static 2AP molecules (fully flipped-out, hence non-stacking) increases with [Mg2+]. 
This shows that the increase in the 2AP fluorescence reported in ensemble-averaged 
experiments stems from an increase in the fully flipped out population rather than a 
change in the flipping kinetics. n= 107, 169 & 206  for 10, 20 & 50 mM Mg2+, 
respectively. 
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 3.7 SAM-1 riboswitch binding pocket rearrangements 
Riboswitches 
  Riboswitches are mainly cis-acting elements found within the 5’ end of 
messenger RNAs (mRNAs) that bind to a cognate metabolite and modulate the 
expression of associated genes [10]. Like other RNAs, to carry out their function, 
riboswitches fold to a tertiary native structure(s). The riboswitch folding landscapes have 
been well characterized using model constructs [10, 77, 79, 87, 88, 90].  The metabolite 
binding takes place within an aptamer domain, which then mediates conformational 
changes in a downstream expression platform resulting in either a transcriptional or 
translational level of gene regulation. Riboswitches can adopt either a conformational-
capture or induced-fit mode of ligand recognition [95, 104, 105, 115]. In the former, the 
RNA in absence of the ligand samples multiple states, which may include the native 
state, which is then stabilized once the metabolite binds. In the induced-fit mechanism, 
the RNA adopts a conformation that is capable of binding the ligand. Once the ligand 
binds, global changes in the conformation result in the native-fold adoption [116]. SAM 
is the universal cellular methyl donor and therefore associated with numerous genes 
where methyl modifications take place.  
The genes necessary for synthesis of SAM precursors and its transport are 
under regulation of different types of SAM-binding riboswitches. There are at least five 
classes of these riboswitches, called I, II, III, IV, and V [105]. The SAM-1 riboswitch, 
which is utilized in this dissertation work, adopts a conformational-capture mode of 
ligand recognition [114]. The SAM-1 riboswitch aptamer is made of four helices 
stabilized by two long-range interactions, a classic H-type pseudoknot and a kink-turn. 
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The ligand-binding pocket is built around a four-way junction (4WJ) (Figure 34). The 
global SAM-1 riboswitch folding has been well characterized both structurally and 
through smFRET studies [95, 114].  
 
                                
Figure 34: The SAM-1 riboswitch aptamer structure. SAM is shown in blue and the 
flipped-out adenosine is shown in red (PDB: 3IQR) [95]. 
 
 There is growing interest in understanding the structure of the ligand-free 
aptamers since they are the forms that sense the metabolite and hence must fold to a 
ligand-binding competent conformation [70, 93]. Generally, the structures of the ligand-
free riboswitches are poorly understood owing to difficulty in crystallization. A well- 
compact SAM-1 riboswitch aptamer is required to bind SAM, which precedes 
conformational changes within the expression platform and turning off the gene at the 
transcription level [200]. SAM interacts with its aptamer mainly through H-bonding with 
specific residues within its binding pocket [95]. The identity of the ligand-binding pocket 
residues is thus crucial, as they form the basis of discrimination between closely related 
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ligands. The only crystal structure of the ligand-free aptamer from the Batey lab shows 
that the aptamer folds to a conformation that is globally similar to the ligand-bound 
aptamer [95]. The only discernable difference between the two superimposable 
structures is the architecture of the ligand-binding pocket. Hence, the apo aptamer can 
fully fold to its native state.  
One of the residues (A46) in the vicinity of the ligand-binding pocket behaves in a 
similar way as the ligand and it mediates contacts with residues that normally interact 
with SAM. This residue is believed to prevent the collapse of the binding pocket. For 
SAM to bind, this residue needs to flip out (Figures 35). Whereas this ligand-free 
structure has to be a stable conformation to be captured under crystallization, chemical-
probing analysis points to this residue exhibiting high reactivity even in the absence of 
the metabolite [95].  
                       
Figure 35: A comparison of the SAM-1 riboswitch-binding pocket in the absence and 
presence of the ligand. The different conformations of A46 are highlighted in red while 
SAM is shown in blue (PDB: 3IQP and 3IQR respectively) [95]. 
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Residue A46 is hypothesized to prevent collapse of the binding pocket in 
absence of the ligand. When flipped into the ligand-binding pocket, A46 mediates 
hydrogen-bonding interactions with other neighboring binding pocket residues and 
hence, maintains the structure of the binding pocket. Riboswitches may in general 
utilize such strategies to preserve the integrity of their metabolite-binding pocket. Similar 
residues have been reported in the adenine, c-di-GMP, and preQ-1 riboswitches [100, 
127, 128]. Hence, for the ligand to bind, the aptamers only undergo minor 
rearrangements.  
To understand such local binding pocket rearrangements, single-molecule 
studies are key. In this thesis work, we used our single-molecule approach to 
characterize the SAM-1 riboswitch aptamer A46 dynamics, both in the absence and 
presence of saturating ligand concentration by replacing A46 with 2AP (Figure 36). To 
understand the SAM-1 riboswitch ligand-free aptamer structure further, we also carried 
out a 10 ns MD simulation in explicit solvation and determined the aptamer’s b factors.  
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Figure 36: SAM-1 riboswitch aptamer secondary structure. a) SAM-1 riboswitch 
aptamer secondary structure showing A46 replaced with 2AP and the azide-modified 
anchor RNA strand for slide immobilization for single-molecule studies. b) Cartoon 
representation of the SAM-1 riboswitch aptamer secondary structure c) Click chemistry 
illustration of the immobilization of the aptamer on the quartz slide.  
 
3.7.1 Molecular dynamics (MD) simulation  
The 10 ns molecular dynamics simulation of the apo aptamer shows that the 
pseudoknot and k-turn motifs formed by the key long-range interactions stabilize the 
aptamer, as evident from the calculated b factors for these residues (Figure 37). These 
remain low during the course of the simulation (green). On the contrary, the aptamer 
loops are highly dynamic (high b factor, yellow), while the paired helices and the ligand-
binding pocket have intermediary b factors (red and blue). Our simulation also shows 
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that the formed binding pocket in the apo aptamer does not collapse, implying that its 
integrity is maintained. 
  
Figure 37: SAM-1 riboswitch molecular dynamics analysis. a) Tertiary structures of the 
ligand-free (light green) and the ligand-bound (orange) forms of the SAM-1 aptamer 
domain. The two structures are superimposable with the only significant differences 
being within the ligand-binding pocket. SAM (red) and A46 (using the numbering used 
by the Batey lab [95]) within the binding pocket are shown in stick representation. In 
absence of SAM, A46 in the crystallized structure is flipped into the ligand-binding 
pocket (blue), whereas in the ligand-bound form it’s flipped out (deep green). This 
residue is believed to prevent the collapse of the ligand-binding pocket. b) RMSD values 
of a 10 ns explicit solvation MD simulation using the AMBER forcefield. The RMSD 
values remain below 5 Å within the course of the simulation, implying that the structure 
remains intact with 
were used to determine the regions/residues most dynamic during the simulation. The 
results show that the aptamer is stabilized by the two long-range interactions whose b 
factors remains low (shown in green). These interactions form a pseudoknot and a kink-
turn motif. The loop regions are highly dynamic, while the stem regions and the ligand-
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binding pocket show similar b factors. d) Secondary structure of the SAM-1 riboswitch 
aptamer domain with same color coding as panel c.  
 
3.7.2 SAM-1 riboswitch binding pocket rearrangement in single-molecule studies  
Our 2AP single-molecule studies where the aptamer domain of SAM-1 riboswitch 
was immobilized on quartz slides and excited with a He-Cd laser (Figure 38) showed 
that 2AP46 exists in two distinct stacking conformations, as previously shown in Section 
3.6 for 2AP stacking in DNA, both in the ligand-free state and in the presence of 
saturating levels of SAM (Figure 39). One type of molecule behavior observed was 
static (highly fluorescent and did not exhibit any dynamics). This result is representative 
of the fully flipped-out conformation, in which the residue is not sampling any other 
states. This A46 conformation corresponds to the open state reported in the ligand-
bound crystal structure and also the highly reactive conformation reported in the 
chemical probing analysis both in the absence and in presence of the ligand [95]. The 
second type of molecules reported showed dynamics (alternating between being fully 
bright and being fully quenched). This population represents the A46 conformation 
alternating between a fully flipped-out state (open) and hence highly bright and the (fully 
quenched closed) flipped-in conformation.    
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 Figure 38: Single-molecule studies of the SAM-1 riboswitch binding pocket 
reorganization. Schematic diagram of the single-molecule setup showing the 
immobilized SAM-1 aptamer with A46 replaced with 2AP. In presence of SAM, the A46 
equilibrium shifts to the flipped-out conformation.  
 
Figure 39: SAM-1 riboswitch A46 behavior. a) Representative single-molecule traces. 
Two types of behavior were observed, static and dynamic populations in absence of 
SAM. The dynamic molecules are the molecules alternating between the flipped-in and 
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flipped-out conformations while the static molecules are the molecules that adopt only 
the flipped-out conformation. b) Representative single-molecule traces showing the 
dynamic and static behaviors of A46 in presence of the ligand. 
 
3.7.3   SAM-1 riboswitch A46 base kinetics  
To determine the A46 reorganization rate both in the absence and the presence 
of the ligand and whether these base-flipping rates were influenced by the presence of 
the ligand, we fitted the dynamic population to a single-exponential decay rate equation. 
Our studies showed that the flipped-in rate (kflip-in) was 0.2 s 
-1 for both the ligand-free 
and ligand-bound aptamers, while the flipped-out rate was 0.8 s -1 for the apo form of 
the riboswitch, and 1.0 s -1 for ligand bound (Figure 40).  The similarity in the rates 
implies that the dynamic population is not ligand-bound and hence, binding of the ligand 
results in flipping out of the residue to adopt the open conformation as reported in the 
crystal structure as shown in Figure 35.  
          
  Figure 40: SAM-1 riboswitch binding pocket rearrangement rate. a) Dwell time 
histograms to determine the flipped-out rates of the A46 residue in the absence and 
presence of SAM. The kon does not change significantly in the dynamic molecules both 
in the ligand-free and in presence of the ligand implying that the dynamic population is 
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not ligand-bound. b) Dwell time histograms to determine the flipped-in rates of the A46 
residue in the absence and presence of SAM. The off values are the same for the 
ligand-free and the ligand-bound structures. 
 
3.7.4 Population redistribution of the closed and open conformation fractions in 
presence of the ligand 
We sought to understand the behavior of the aptamer in the presence and 
absence of the ligand by monitoring the population redistribution following introduction 
of the ligand. The fractions of the dynamic and static populations in absence of SAM 
were 54% and 46%, respectively (n=103). While, in presence of SAM the fraction of the 
dynamic and static population are 7% and 93%, respectively (n=315) (Figure 41).  Thus, 
the binding of the ligand favored an increase in the flipped-out conformation, further in 
agreement with the structural studies and the kinetic analysis, which showed that the 
dynamic population is not ligand bound.  
                        
Figure 41: Population reorganization of the flipped-in and flipped-out A46 structures. In 
absence of SAM, majority of the molecules are dynamic. This population decreases 
steadily to 10% in the presence of the ligand.  
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3.8 Proline Transfer RNA Acceptor Stem Local Base Dynamics 
Transfer RNA  
Transfer RNAs function as the adaptor molecules during translation. They are L-
shaped and are highly structured with an accessible 3 end and an anticodon loop that 
is complementary to their cognate mRNA codon. The amino acid attaches at the 3 end 
of the tRNA (the CCA end).  The aminoacylated tRNA then interacts with the mRNA 
codon by base pairing with its anticodon loop [134, 135].  For charging to take place, the 
CCA end moves into the charging aminoacyl tRNA synthetase (aaRS) active site where 
the ATP-dependent covalent attachment of the amino acid on the terminal adenosine 
takes place. The aaRSs are specific to their cognate tRNAs; however, mischarging may 
take place, which if not edited would introduce errors into the growing polypeptide chain 
[137, 201].  
The tRNA editing takes place either at the pre-transfer or post-transfer levels. In 
the pre-transfer editing, the attachment of the non-cognate amino acid onto the tRNA 
terminal adenosine is blocked mainly using an amino acid size-exclusion mechanism 
(double-sieve mechanism) [201]. The post-transfer editing takes place in some classes 
of aaRSs, which in addition to the charging site also contain an editing site. This second 
site carries out hydrolysis of the non-cognate amino acid [202, 203]. The tRNAPro is an 
example of a tRNA whose non-cognate amino acylation is edited at the post-transfer 
level by its charging and editing enzyme, prolyl tRNA synthetase (ProRS) which 
contains the two catalytic sites; the charging and editing sites [204]. 
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3.8.1 Base flipping dynamics in the tRNA acceptor stem 
To allow the charging and editing processes, the acceptor stem is highly 
versatile. The unpaired bases are dynamic and undergo local unstacking dynamics. Key 
stacking interactions involve the discriminator base, the purine 73 [205]. In structures of 
tRNAs interacting with their cognate aaRSs, base flipping has been reported in 
numerous examples. The human tRNATrp interacting with the tryptophanyl tRNA 
synthetase reports evidence of base flipping (Figure 42). Similar C74 base flipping has 
been reported in the bacterial Leucyl tRNA synthetase interacting with its cognate 
tRNALeu (Figure 43) [206, 207]. There is currently no structural information of the full-
length tRNAPro interacting with its aaRS [179].  
 
                                   
Figure 42: Structure of the tRNATrp and the tryptophanyl tRNA synthetase showing base 
flipping of C74 PDB:2DR2 [206]. 
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Figure 43: Structure of the tRNALeu and the leucyl tRNA synthetase showing base 
flipping of C74  PDB:4AQ7 [207]. 
        
To understand the local base dynamics that take place within the tRNAPro 
acceptor stem, we have in this study introduced pyrrolo-cytosine (PC) at position 74 
where it can interact with the discriminator base A73.  PC was chosen because when 
incorporated in nucleic-acid it behaves like C as explained in Section 3.2, and therefore 
it can replace the natural C74 in the tRNA. SM studies were then carried out either in 
the absence or presence of prolyl-tRNA synthetase, L-proline, and ATP to allow 
aminoacylation. To enable surface immobilization, the tRNA was cleaved on the D loop 
for the introduction of a carbon chain spacer and the azide group necessary for click 
chemistry (Figure 44). This cleavage does not significantly alter the tRNA function [179] 
(the ProRS was expressed and purified in the Karin-Musier Forsyth lab). 
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Figure 44: Single-molecule strategy used for immobilization of the tRNAPro for SM 
studies. a) tRNAPro secondary structure. PC was substituted for C74 where it can 
interact with the discriminator base A73. The tRNA was cleaved in the D loop resulting 
in a 57-mer RNA strand and a 16-mer RNA (shown in red) that was modified with an 
azide group for immobilization on quartz slides for single-molecule studies. b) The 
azide-modified anchor RNA strand was used to immobilize the tRNA using click 
chemistry. c) The behavior of the base was investigated in the absence and in presence 
of prolyl tRNA synthetase (ProRS). 
 
3.8.2 tRNAPro 3 end PC74 kinetics 
Our SM results in which the fluorophore was excited at 325 nm using a He-Cd 
laser showed that PC74 in the tRNAPro 3 end just like 2AP in the DNA and RNA 
samples explained in previous sections of this chapter, exists in two conformations 
corresponding to stacking and unstacking interactions as previously explained (Section 
3.6) (Figure 45). One of the populations was static during the duration of the experiment 
prior to photobleaching in a single step, whereas the second population showed 
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dynamics between a quenched and an emissive state. This second population 
undergoes stacking and unstacking contacts with A73. We used the dynamic population 
to determine the PC74 reorganization rate by fitting the bright and dark lifetimes to a 
single-exponential decay rate equation.  
 
Figure 45: tRNAPro PC74 dynamic and static behavior. a) Representative single-
molecule time trajectories showing dynamic and static behaviors of the residue in 
absence of ProRS. b) Representative single-molecule time trajectories showing 
dynamic and static behaviors of the residue in presence of ProRS.  
 
 In the absence of proRS, a kflip-in of 0.2 s 
-1 and kflip-out of 0.9 s 
-1 are reported. In 
the charging conditions (i.e., in the presence of 4 mM ATP, 1 mM L-proline, and 50 nM 
ProRS), a kflip-in of 0.04 s 
-1 and kflip-out of 0.7 s 
-1 are reported (Figure 46).  Whereas the 
flipped-out rate is insensitive to the presence of the protein, our results show that the 
flipped-in rate decreased by five-fold when the protein is bound. These changes may 
stem from a stabilization of the PC74 in the flipped-out conformation by the protein 
since it spends more time in the unstacked conformation. These results further imply 
that the tRNAPro and its bound ProRS may adopt a similar acceptor stem conformation 
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as the reported structures of the tRNATrp and the tRNALeu in which protein binding 
reorganizes the acceptor’s stem bases and C74 has been captured in a flipped-out 
conformation [206, 207].  
 
Figure 46: tRNAPro PC74 dynamics.  a) The flipped-out rates in absence and presence 
of ProRS do no change significantly implying that these dynamics are insensitive to the 
presence of the protein. b) The flipped-in rates in absence of the protein. A off value of 
5 s was reported. In presence of the protein, the flipped-in rate decreases five fold as 
the off increases to 25 s.  
 
3.8.3 Population redistribution following tRNAPro aminoacylation 
The presence of prolyl-tRNA synthetase, ATP, and L-proline resulted in a change 
in the population distribution between the fully flipped-out and the flipped-in 
conformations. The static population in absence of the protein was 23% (n=128) and the 
dynamic fraction was 77% (n=163). The static population decreases to 7% in presence 
of ProRS, ATP, and L-proline with 93% being dynamic (Figure 47). These results 
indicate that the protein binding and charging induces a structural change within the 
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acceptor stem bases, which may be of importance in the tRNAPro aminoacylation and 
editing. Overall, the ProRS makes the acceptor stem to be more versatile increasing the 
dynamic PC74 fraction and at the same time decreases its flipped-in rate.  
 
 
 
 
 
 
                 
Figure 47: ProRS mediated C74 population reorganization. In absence of ProRS, the 
static population is 23%. In presence of ProRS most of the molecules are dynamic and 
hence the static population decreases to 7%. This implies that binding of the protein 
changes the conformation of the acceptor stem and favors the dynamic behavior. This 
may be necessary to allow efficient charging and editing by the enzyme or may be due 
to local changes within the acceptor stem as it moves between the ProRS 
aminoacylation and the editing sites. 
 
3.9 Conclusions 
The 2AP and PC studies show that these fluorescent nucleotide analogues have 
applications in single-molecule spectroscopy. This finding is in agreement with previous 
fluorescence correlation spectroscopy (FCS), which concluded that 2AP has a sufficient 
photon-rate of 2 kHz to allow single-molecule detection [208]. Additionally, the highly 
sensitive CCD detectors utilized have up to single photon sensitivity 
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(http://www.andor.com/). The emitted 2000 photons per second for each 2AP as 
reported in the FCS analysis are more than the number of photons required for CCD 
detection above any dark current [209]. Other nucleotide analogues such as 3-methyl-8-
(2-deoxy--D-ribofuranosyl isoxanthopterin) 3-MI and (4-amino-6-methyl-8-(2-deoxy--
D-ribofuranosyl)-7(8H)-pteridone) 6MAP which are G and A analogues, respectively, 
have also been characterized using FCS and have also been concluded to be utilizable 
for single-molecule studies [209, 210].  
The studies to elucidate the photophysical behavior of 2AP and PC show that 
when stacking interactions are unfavorable, the two nucleotide analogues fluoresce 
steadily without blinking and photobleach in a single step. This shows that the key 
quenching processes are dependent on the stacking interactions and the nearness of 
the base analogue to the quenching base. The photostability analysis of the two 
nucleotide analogues also shows that they are feasible for single-molecule studies.  
This is because 2AP has an  40 s photobleaching lifetime, whereas that of PC is  90 
s. These lifetimes shows that the two nucleotide-analogues can be monitored for 
extended periods without photo-destruction and therefore they are well suited for single-
molecule spectroscopy where biomolecular behavior is monitored for several seconds.  
Unlike the non-stacking static behavior, when 2AP or PC interact with other 
bases, their fluorescence behavior changes and alternates between an emissive and a 
dark state. This shows that 2AP or PC has alternating quenched and emissive states 
when stacking with neighboring bases in systems where local base dynamics are 
favorable. This key observation formed the basis of our studies in which 2AP was used 
to investigate base dynamics in a DNA abasic-site mimic and the SAM-1 riboswitch-
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binding pocket. The 2AP in these two systems reports on its structural isomer A, 
behavior in the natural sequences. The PC was used to monitor local dynamics in the 
tRNAPro acceptor stem where it was used to replace its analogue C which interacts with 
C75 and the discriminator base A73.  
These studies also show that the single-molecule immobilization method utilized 
that is based on the 1,3 dipolar Hüisgen cycloaddition is a suitable method to suppress 
background fluorescence for UV-region single-molecule studies. In this method the 
quartz slides were functionalized with a terminal alkyne group and ‘clicked’ via azide 
groups present in the DNA/RNA samples [141-143]. The advantage of this method is 
that any background fluorescence that may emanate from the general protein adsorbing 
on the quartz slides or the tryptophan network present in the more common biotin-
streptavidin single-molecule immobilization chemistries is avoided and hence single-
molecules are effectively detected.  
Section 3.6 of this chapter describes the 2AP base-flipping dynamics when 
incorporated across from an (apurinic) AP site.  The DNA abasic site studies were 
carried out in varying [Mg2+] and the 2AP across the AP-site base flipping kinetics were 
elucidated. In bulk, the 2AP fluorescence across an AP site is dependent on divalent 
metal ions concentration. Our SM results show that the base-flipping rates are 
insensitive to the metal ion concentration in this system. The kflip-out at 10 mM Mg
2+, 20 
mM Mg2+and 50 mM Mg2+ remained at  0.6 s -1, while the kflip-in rates were  0.3 s 
-1. 
Whereas the rates did not change with the [Mg2+], the fractions of the static and 
dynamic molecules varied with [Mg2+]. The static molecules percentage increased from 
22% at 10 mM Mg2+ to 49% at 50 mM Mg2+. These results indicate that the increase in  
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fluorescence reported in bulk stems from an increase in the fraction that is flipped-out. 
Since the flipped-out conformation is highly bright, the increase in this population would 
lead to the net higher fluorescence in the ensemble. The lack of change in the rates 
also indicates that the dynamic population is not Mg2+-bound and the interaction with 
Mg2+ leads to the conformational rearrangement that flips out this residue so as to 
relieve any conformational strain resulting from the metal ion interaction.  
The next studies focused on a second larger nucleic-acid system where 2AP was 
used to monitor the dynamics of a folded riboswitch ligand-binding pocket. For a 
riboswitch to interact with it’s cognate metabolite, a well-folded structure is a 
prerequisite [70]. The ligand-sensing structure needs to be well folded to sense the 
ligand, but it must not totally behave like the ligand-bound structure, as this would 
otherwise result in gene-modulation even in the absence of the metabolite. The 
structures of the ligand-free riboswitches are currently of great interest. There is 
however, a deficit in structural information owing to the dynamic nature of such 
structures, which hinder crystallization [70]. The SAM-1 riboswitch is one example of a 
riboswitch that the ligand-free structure has been reported with great similarity between 
the ligand-free and ligand-bound forms [95]. The studies in Chapter three Section 3.7 to 
monitor how the SAM-1 riboswitch-binding pocket reorganizes, focused on residue A46, 
which behaves like SAM in the absence of the metabolite [95]. This residue was 
replaced with 2AP and excited at 325 nm both in the presence and the absence of the 
ligand. The results show that this residue is dynamic in the absence of the ligand with 
54% of the molecules alternating between the dark and the bright states. To understand 
how fast the reorganization takes place, the base-flipping rates were determined, which 
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results in a kflip-in of 0.2 s 
-1 and a kflip-out of 0.8 s 
-1. In the presence of the ligand, the 
population redistributes and the dynamic population decreases to 7%. The kflip-in and 
kflip-out, however, do not change and remain at 0.2 s 
-1 and 1.0 s -1, respectively. These 
results are in agreement with Batey’s crystal structure and biochemical experiments, 
which predicted this residue to be dynamic and exist in either an open or closed 
conformation [95]. The lack of change in the rates in presence of the ligand implies that 
the dynamic population is not ligand-bound.  
Finally, in this chapter our UV-region single-molecule setup was used to study 
local base dynamics within the tRNAPro 3 end. The tRNA acceptor stem is highly 
dynamic with local changes taking place to allow aminoacylation and editing in the 
incidence of misacylation. The acceptor stem base interactions change following the 
binding of aaRSs as reported in example crystal structures of different tRNAs with their 
cognate aaRSs, which have shown that residues within the CCA end have altered 
stacking interactions following the protein binding. Of particular interest are the bases 
next to the discriminator base owing to its role in editing processes. The crystal 
structures of tRNATrp and tRNALeu show that C74 adopts a flipped-out conformation in 
the presence of their cognate aaRSs [184, 185].  
The behavior of the tRNAPro C74 both in the non-charged form and in the 
aminoacylated form is reported by PC fluorescence in these SM studies. The single-
molecule studies show that this residue is highly dynamic both in the absence and 
presence of the ProRS and charging conditions.  The dynamic populations are 77% and 
93% in absence and presence of ProRS, respectively. A kflip-out of 0.9 s 
-1 in the absence 
of ProRS and 0.7 s -1 in the presence of the protein were determined. While the flipping-
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out rate is insensitive to the presence of the protein, the kflip-in decreases from 0.2 s 
-1 in 
the absence of ProRS to 0.04 s -1 in the presence of the protein. These results show 
that once the protein binds, the adopted C74 configuration changes, which affects its 
rearrangement dynamics. 
 Overall, the base-flipping mechanism remains vaguely understood with ongoing 
debate as to whether the process is active or passive [32]. Single-molecule studies 
have an advantage over the ensemble-averaged methods as they report on the 
behavior of individual molecules and therefore can resolve such ambiguity. These 
single-molecule studies show that even in the absence of the protein cofactors, passive 
base flipping can take place. This, however, does not rule out the mediation of the 
process by binding factors, especially in the double-stranded DNA. 
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              CHAPTER 4 
4.0       RNA GLOBAL DYNAMICS UNDER CELLULAR CROWDEDNESS 
   4.1 Macromolecular crowding  
 In the cell, both the present soluble and insoluble biomolecules occupy a large 
portion of the total cellular volume. In bacteria, the occupied volume by these 
macromolecules reaches up to 30% in comparison to eukaryotic cells where this rises 
further to up to 40% of the total cellular volume. The presence of the high number of 
macromolecules, which exist in their normal cellular concentrations, is known as 
macromolecular crowding (Figure 48) [63, 64]. The macromolecules space occupation 
results in volume exclusion to a biomolecule under consideration, since its available 
volume is significantly decreased. In eukaryotic cells, the formation of compartments 
further impacts on the effects of cellular crowdedness. Further, the presence of the 
macromolecules affects the solution’s viscosity and also deceases the fraction of water 
available for hydration [211]. Therefore, the structure and hence the behavior of a 
biomolecule in vivo can be significantly different from ‘in-dilute’ conditions due to the 
effects of the cellular crowdedness. For example, an intrinsically disordered protein in 
vitro, FlgM, is actually well structured in vivo [59].  
To investigate the effects of molecular crowding in vitro, molecular-crowding  
mimics comprising of high molecular weight inert polymers are added to experimental 
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buffers in an effort to recreate the in vivo physiologic conditions. The most widely 
 
Figure 48: Cartoon depiction of cellular crowding. Presence of other macromolecules 
within the cell lead to a decrease in the accessible volume to a biomolecule under 
investigation 
 
 employed molecular crowders include polymers such as polyethylene glycol (PEG), 
dextran, and ficoll, among others (Figure 49) [211]. High molecular weight proteins such 
as bovine serum albulmin (BSA) and hemoglobin or cellular extracts can also serve as 
molecular-crowding mimics [187, 188]. The effect of molecular crowding is largely 
dependent on the physical nature of the crowding molecules. Thus, the crowding effect 
is altered due to changes in the shape or the size of the macromolecular crowder. 
Therefore, higher molecular weight crowding macromolecules are preferred for in vitro 
experiments designed to replicate the cellular crowdedness, as they better represent 
the reduction in the total volume in the cell in comparison to smaller molecules [212].  
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To account for the effects of the smaller molecules present in the cell that may 
influence the cellular solvent properties, but do not necessarily occupy a large cellular 
volume, smaller osmolytes such as glycerol, sucrose, methanol, and ethylene glycol 
(EG) are utilized (Figure 50) [187, 189, 190]. 
         
                             
Figure 49: Examples of inert commonly utilized high molecular weight molecules used 
to recreate the cellular crowdedness. Observed effects in presence of such 
macromolecules are due to the volume occupied by the cosolutes.  
  
By including crowding-agent mimics in experiments, studies have shown that  
cellular crowding has effects on both the thermodynamic activity and kinetic behavior of 
biomolecules. For example, molecular crowding enhances proteins dimerization, 
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promotes DNA strand exchange, increases the number of G-quadruplex conformations, 
and enhances the catalytic activities of T4 DNA ligase, T4 DNA polymerase, the 
hammerhead ribozyme, and the group 1 intron [60, 187, 191-196]. 
  
Figure 50: Examples of small, low molecular weight osmolytes that are used to change 
the solvent properties and represent smaller molecules present within the cell that can 
also influence the behavior of biomolecules. 
 
4.2 Crowding free energy  
The molecular crowding effect on the behavior of biomolecules stems from the 
altering of the system’s net free energy by the crowding molecules. Both enthalpic and 
entropic effects can explain the changes in the crowding free energy as evident from the 
Gibbs free energy equation, 
    

GHTS                       7 
in which ∆G is the change in the Gibbs free energy, ∆H is the enthalpy change of the 
system, and ∆S is change in the entropy of the system. Since the crowding 
macromolecules result in volume exclusion, the formation of the more compact 
structures that occupy less volume (less entropy) is favored [63, 197]. The effects 
attributed to molecular crowdedness have thus largely been attributed to these entropic 
effects and are dependent on the sizes of the molecular crowders and the biomolecules 
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under consideration (Figure 51) [198, 199]. On the other hand, specific biomolecular 
interactions can also be altered as a result of changes in the solvent properties, which 
results due to the presence of the molecular crowders. In particular, changes in the 
solution’s dielectric constant can explain some of the reported effects [65, 189, 200]. 
Therefore, the macromolecular crowding effect may arise from the changes in the 
system’s free energy by volume exclusion and/or modulation of the solvent properties, 
implying that both the enthalpic and entropic effects may work in compensation to 
influence the processes [213].   
 
Figure 51: The excluded volume effect is dependent on the size of the biomolecule 
under consideration.  a) A large biomolecule has less available volume and b) a smaller 
biomolecule has less excluded volume within the cell. Changes in the sizes of the 
molecular crowders also have similar effects on the excluded volume.  
 
4.3 Molecular crowding effect on the folding and conformational dynamics of the 
cyclic diguanylate monophosphate (c-di-GMP) riboswitch 
To understand the cellular crowdedness effect to RNA folding and accompanying 
dynamics, we investigated the folding behavior of the c-di-GMP riboswitch aptamer in 
the presence of high molecular weight polyethylene glycol (PEG) and dextran 
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macromolecular crowders. The c-di-GMP is a common second messenger that is 
important in cellular signal transduction [92]. It is widely present in most bacteria, where 
it functions in bacterial survival due to its influence on the bacterial virulence, motility, 
biofilm formation, and cell cycle proliferation. Its cellular levels are maintained by the 
antagonistic roles of diguanylate cyclase (DGC) and phosphodiesterase (PDE). The c-
di-GMP is formed following the cyclization of two guanine molecules by DGC whereas 
PDE enzymes degrade it [214]. Due to its abundance and involvement in the crucial 
action of many bacterial genes with diverse roles, the gene-regulation mechanisms are 
of great interest.  
The regulation of the c-di-GMP-associated genes is under both protein effectors 
and riboswitches (Figure 52) [108, 145, 201-204]. Bacterial genes are regulated at the 
transcriptional and translational levels via mechanisms that involve effector proteins or 
specific RNA motifs. Riboswitches are RNA examples of gene-regulating elements that 
normally act in cis to their host mRNAs, and are hence located within their 5 
untranslated regions (UTRs) [10]. Folding of their aptamer regions precede their 
recognition of cognate metabolites followed by further downstream reorganizations to 
either down- or up-regulate the synthesis of their specific-associated genes.  
In vivo, the intracellular physiology dictates the folding landscape of RNAs.  In 
dilute conditions, RNA-folding pathways have been well elucidated and they provide a 
hierarchical picture of RNA’s native structure adoption.  However, the cellular volume 
available to a biomolecule of interest is dependent on its neighboring soluble and 
insoluble molecules [215]. Therefore, macromolecular crowding may influence and 
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hence alter the current RNAs folding models and subsequently may revise their mode of 
ligand/substrate recognition in comparison to experiments in a non-crowded medium.       
        
Figure 52: The levels of c-di-GMP in the cell are under the control of two enzymes, 
DGC, which catalyzes the cyclization of two guanines, and PDE, which breaks down the 
c-di-GMP to GMP and pGpG. The c-di-GMP is sensed by both protein and riboswitch 
effectors. Once the metabolite interacts with its receptors, different effects occur that 
favor the bacterial survival.  There is inhibition of cell motility and virulence, and 
enhancement of cell cycle and bioflim formation. 
 
In efforts to understand the effects of macromolecular crowding, single-molecule 
and steady-state FRET studies were used to show that the presence of molecular 
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crowders enhances the docking of a ubiquitous bacterial riboswitch, the cyclic-
diguanylate monophosphate riboswitch aptamer region, even in absence of its 
metabolite. The adoption of a structure reminiscent of the ligand-bound form even in the 
apo state implies that the riboswitch can fully fold in vivo, and hence ligand binding may 
only require minimal rearrangements. We hypothesize that this may further decrease 
the time between ligand recognition, interaction, and transcription enhancement. 
4.3 c-di-GMP riboswitches  
There are two classes of c-di-GMP sensing riboswitches, classes I and II [108, 
205]. In this dissertation, the class I aptamer domain found upstream of the Vibrio 
cholerae tfox gene was used. This domain regulates genes at the transcriptional level 
[108, 145, 203]. The second class of c-di-GMP riboswitches regulates genes by 
modulating mRNA splicing [205]. To be effective gene regulators, riboswitches fold into 
specific tertiary structures. The folding occurs in a sequential manner and takes place 
co-transcriptionally. In particular, riboswitches that regulate gene expression at the 
transcription level have to fold rapidly so as to recognize their cognate metabolite and 
effect modulations before the RNA polymerase can transcribe the downstream 
sequences, especially if the gene has to be turned off [38]. Other classes of 
riboswitches, such as the c-di-GMP riboswitch, function at the transcription level to 
enhance gene expression [145].  
The RNA-folding landscape in dilute conditions has been extensively investigated 
both for the large and small RNAs [111, 131]. From these studies and in comparison to 
protein folding, the RNA-folding problem is more challenging, owing to more degrees of 
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freedom stemming from its many dihedral angles, though discrete base-pairing rules 
make it possible to investigate [189, 190]. Folding models describing riboswitch 
structure-function interfaces paint a picture in which monovalent and divalent cations 
promote the adoption of a ligand binding-competent conformation that then undergoes 
further reorganization in presence of the ligand to adopt the native state, which is 
important for the expression-platform conformational rearrangements. Additionally, the 
mode of metabolite recognition is believed to occur either through conformational-
selection or induced-fit mechanisms.  
A continuum ligand-recognition model in which ligand-sensing progression takes 
place concurrently as the aptamer is transcribed and folds is also possible [117]. The c-
di-GMP riboswitch may sense its ligand continuously during transcription and folding 
[90, 187 216]. Binding of the ligand to its binding pocket leads to structural 
rearrangement, resulting in formation of a downstream helix (P1) that is part of the 
riboswitch expression platform. This results in conformational changes, which makes 
the RNA pol-binding site more accessible and therefore resulting in enhancement of 
transcription [145].  
The cellular physiology is highly crowded, and therefore a biomolecule under 
consideration is sterically constrained by both the soluble and insoluble co-solutes [198, 
199]. The surrounding macromolecules occupy significant volume, and hence exclude 
the volume available to the molecule under consideration [65]. Occupying up to 400 g/L 
of the cellular volume, crowding macromolecules are an important factor to take into 
consideration while investigating biomolecule folding, and when drawing conclusions 
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about the function. It is evident that under cellular crowding, biomolecules may behave 
differently from in vitro experiments [217].  
Whereas ensemble-averaged measurements have demonstrated the effects of 
molecular crowding on RNA folding [192, 193], the etiology of the observed overall net 
compaction cannot be easily deduced from such experiments. Single-molecule studies 
get rid of ensemble averaging, and thus report on a sample’s population heterogeneity, 
which enables a facile tracking of the RNA folding landscape [57]. In our single-
molecule fluorescence resonance energy transfer (smFRET) experiments, the cellular 
crowding conditions was simulated by using PEG 8,000 (8 kDa) and dextran 10,000 (10 
kDa) and monitored the folding of the c-di-GMP riboswitch aptamer domain. Both of 
these polymers showed enhanced compaction in our single-molecule experiments when 
we used up to 25% wt/vol concentrations. As a control, the PEG monomeric unit 
ethylene glycol (EG) was used and the experiments did not show any cosolute-
mediated compaction.  
4.5 Results and discussion 
The Vibrio cholerae tfox gene c-di-GMP riboswitch aptamer is built on a three- 
way junction (3WJ) junction and is stabilized by two long-range interactions, a tetraloop-
tetraloop receptor interaction consisting of a ribose zipper formation and planar stacking 
of two adenosines, and an interhelical Watson-Crick GC base pair (Figure 53) [108, 
145, 203]. Previous smFRET studies established a FRET donor-acceptor (Cy3-Cy5, 
respectively) labeling scheme, which showed that the aptamer domain exists in two 
distinct conformations, in agreement with previous SAXS results [106, 108]; a compact 
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conformation resulting from a side-by-side docking of the two helices P2 and P1b that 
form part of the ligand-binding pocket, and a second extended conformation in which 
the two arms are further apart and therefore undocked.  
 
Figure 53: Monitoring of docking and undocking of the c-di-GMP riboswitch aptamer.  a) 
Secondary structure of the c-di-GMP riboswitch used in this study with locations of the 
fluorophores shown. Formation and disruption of the interhelical tertiary contacts 
required for native structure adoption is monitored by FRET changes. b) Tertiary 
structure of the ligand-bound Vibrio chorelae tfox gene c-di-GMP riboswitch aptamer 
domain (PDB:3IWN) [128]. Docking of the two helices is monitored by FRET using Cy3 
and Cy5 fluorophores. In the ligand bound/docked state, the dyes are approximately 40 
Å apart resulting in high FRET efficiency. c) Ensemble-averaged steady state FRET 
measurements of the ligand-free c-di-GMP aptamer in absence (broken line) and in 
presence (solid line) of 8 kDa polyethylene glycol (PEG) as a molecular crowding agent. 
Correlated increase in the acceptor fluorescence in presence of 25% wt/vol PEG 
concomitant with a decrease in the donor fluorescence is highlighted. d) Increase in 
FRET with increasing PEG concentration. The PEG transition point for docking (PEG50) 
of 10.5  0.2 % is determined by fitting the FRET value with PEG concentration, to a 
Langmuir equation.  
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Our donor and acceptor reporter fluorophores are located on the periphery of the 
two arms (Figure 53a) and thus, based on the adopted conformation, and using a FRET 
cutoff of 0.5, the docked and undocked conformations give FRET values of 0.8 and 0.2, 
respectively (Figure 54). Two distinct types of molecules populate each of the undocked 
and docked conformations; one population shows non-dynamic behavior during the 
duration of the experiment, whereas the second population is highly dynamic and 
samples multiple states despite spending most of the time either docked or undocked 
(Figure 54). Notably, ligand-induced reorganization of the c-di-GMP riboswitch evident 
from both the FRET and SAXS analysis, shows that in dilute medium the structures of 
the apo and the holo forms of the riboswitch are significantly different, hence making 
this model an excellent candidate to elucidate the effect of molecular crowding in RNA 
folding [106, 108]. Under molecular crowding, additional conformations lacking in dilute 
medium may be populated [60].  
 
Figure 54: The c-di-GMP riboswitch aptamer domain conformations. a) The extended 
aptamer conformation is characterized by a 0.2 FRET state. Two distinct populations 
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populate this state; static and dynamic undocked populations. b) The compact 
conformation is similarly composed of a dynamic and a static population. It’s 
characterized by a FRET value of 0.8.  
 
 
4.5.1 The docked c-di-GMP riboswitch aptamer conformation is favored in a 
crowded environment  
In presence of molecular crowding agents, PEG 8,000 and dextran 10,000, our 
smFRET studies show that the aptamer undergoes reorganization, which leads to 
enhanced formation of the compact 0.8 FRET state (Figure 55). In absence of 
molecular crowding, the static docked conformation is poorly populated with only 5 ± 1% 
of the total molecules adopting this state. Introduction of molecular-crowding mimics 
results in a population redistribution with a net decrease in the undocked conformation 
and an increase in the docked state (Figure 55). The static docked population increases 
gradually with PEG concentration and saturates at close to 40% of the total population 
at 20% wt/vol PEG. At 25% wt/vol PEG the percentage of this population is 40 ± 5%. 
Fitting the fraction of the static docked molecules to a Langmuir equation (Methods 
Chapter 2), results in a PEG transition (PEG1/2) point of 13.0 ± 0.5% wt/vol PEG.  
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Figure 55: smFRET monitoring of PEG-induced docking of the aptamer. (a) 
Reorganization of the c-di-GMP aptamer following introduction of 15% wt/vol PEG. The 
aptamer undergoes structural changes to favor formation of the compact (docked) 
conformation following crowding. (b) smFRET histograms to track the population 
redistribution towards the docked state with increasing PEG concentration in both the 
ligand-free form of the riboswitch and the ligand-bound forms. (c) For analysis in the 
presence of ligand, a concentration of 100 nM, which is the previously reported single-
molecule KD, was chosen. (d) Determination of the PEG transition point towards the 
docked conformation following the fitting of the static docked population (fD) to the 
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Langmuir equation resulted in a PEG1/2 of 13.0  0.5% and 13.5  1.2% for the ligand-
free and the ligand-bound aptamer, respectively. 
 
To confirm that the observed docked state stabilization is as a result of molecular 
crowding and that there is no adverse effect originating from the surface immobilization 
of the aptamer, we carried out steady-state ensemble FRET analysis (Figure 54 c). In 
absence of PEG, a FRET value of 0.52 was measured, which increased with PEG 
concentration to a maximum FRET value of 0.63 at 25% wt/vol PEG. We fitted the 
increase in FRET with PEG concentration to the Langmuir equation and got a PEG1/2 
value of 10.5 ± 0.2% wt/vol PEG (Figure 54 d) This shows that the aptamer tends to 
adopt the docked conformation above 10% wt/vol of the molecular crowder. To further 
confirm that the observed docking emanates from molecular crowding and not any 
specific effects of PEG on RNA, we carried out single-molecule experiments in 
presence of a second widely used molecular crowding polymer, dextran 10 kDa. Our 
results showed that, similar to in the presence of PEG, the fraction of the static docked 
population increases steadily to up to 32% ± 5 of the total population at 25% wt/vol 
dextran (Figure 56).  
Further, experiments were performed to rule out any specific effects of the 
hydroxyl functional groups present in the crowding polymers, utilizing the monomeric 
unit of PEG, ethylene glycol (EG).  The, smFRET studies in the presence of EG (0-25% 
wt/vol) further confirms its non-stabilization of the compact aptamer structure with the 
docked population remaining below 5%. At 25% wt/vol, the static docked population is 
4.0 ± 2.0% (Figure 56). These results are in agreement with studies that showed a 
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destabilization effect of duplex DNA and hairpins by EG with high molecular weight PEG 
showing a stabilization effect [208]. 
                      
Figure 56: Effect of other co-solutes to the c-di-GMP aptamer folding. (a) smFRET 
histograms showing compaction of the ligand-free aptamer due to crowding using a 
second high molecular weight molecular crowder mimic, dextran 10 kDa. (b) smFRET 
histograms of the apo aptamer in increasing ethylene glycol. The docked conformation 
remains low implying a lack of crowding unlike in presence of its polymeric product, 
PEG. (c) Plot of the static docked populations with varying dextran and ethylene glycol. 
The static docked population in presence of dextran gives a dextran transition point of 
11.2  1.1% wt/vol. 
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4.5.2 c-di-GMP riboswitch docking rates are enhanced by molecular crowdedness  
Single-molecule studies have an advantage over ensemble-averaged 
experiments as they can readily report on reaction rates. To determine directly the 
influence of cellular crowding on the folding rates of the c-di-GMP riboswitch aptamer, 
we carried out dwell-time analysis of the dynamic populations in absence and in 
presence of molecular crowding conditions (0 - 25% wt/vol PEG). The docking rates 
(kdock) increase linearly with PEG concentration. In absence of PEG and the ligand, a 
kdock of 1.4 ± 0.1 s
-1 is measured with the value increasing to a maximum of 3.3  ± 0.1 s-1 
in 25% wt/vol PEG (Figure 57a). The undocking rates do not change in the range of the 
experiment, remaining at about 6.0 ± 0.1 s-1 (Figures 57a & 58). The observed 2.5-fold 
and linear increase in the docking rates show that within the range of PEG analyses, the 
c-di-GMP aptamer folding is not diffusion limited.  
The dynamic docked population shows a different trend, in which the kdock does 
not change and remains at about 6.0 ± 0.1 s-1. The docked population kundock also does 
not change from 0 to 15% wt/vol PEG. Interestingly, in the apo form, at 20 and 25% 
wt/vol PEG, the kundock increases from about 1.2 ± 0.1 s
-1 to 2.2 ± 0.1 s-1, suggesting that 
under molecular crowding the undocking rates may also be enhanced. Hence, 
acceleration of reaction rates by molecular crowdedness may not only be towards the 
formation of a single conformation. One explanation of the observed enhancements of 
the docking rates may stem from a stabilization of intermediate states in the RNA 
folding pathway by molecular crowdedness. Dwell-time analyses in presence of 100 nM 
of the ligand show a similar trend as the ligand-free form (Figures 57b & 59). 
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Figure 57: Docking and undocking rates with increasing molecular crowding. (a) 
Increase in the docking rates under molecular crowding. (b) A similar 2.5-fold 
enhancement of the docking rates in presence of the 100 nM c-di-GMP as in the ligand-
free aptamer in presence of the molecular crowder.  
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Figure 58: Dwell-time histograms used to determine the docking and undocking rates in 
absence of the ligand by fitting dynamic population lifetimes to single-exponential 
decays. The docking rates of the undocked population increase with molecular crowder, 
resulting in a 2.5-fold rate enhancement. 
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Figure 59: Dwell-time histograms used to determine the docking and undocking rates in 
presence of 100 nM c-di-GMP. 
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4.5.3 Mg2+-induced docked state formation under molecular crowding 
To determine the requirement of magnesium ions for the c-di-GMP riboswitch 
aptamer domain folding under macromolecular crowding, we carried out experiments in 
presence of 15% wt/vol PEG. During RNA folding, divalent ions are of importance for 
the secondary RNA structure transition to the native tertiary conformation. Our smFRET 
studies show that in the presence of molecular crowding (15% wt/vol PEG), the static 
docked population increases to about 30% of the total number of molecules (Figure 60) 
in the [Mg2+] analysis range of 0-50 mM. In comparison, in absence of PEG, the static 
docked population remains low (<6%) over the same Mg2+ titration range (Figure 60). 
To determine the Mg2+ transition point (KMg
2+), the aptamer static docked fraction was 
fitted to the Langmuir equation and a KMg
2+ of 0.5 ± 0.1 mM was acquired. This shows 
that in physiological Mg2+ concentration and under macromolecular crowding, a 
significant population of the ligand-free c-di-GMP riboswitch aptamer exists in a 
conformation similar to the ligand-bound structure, which is in contrast to in the absence 
of crowding. Further, we investigated the Mg2+ requirement in presence of the ligand. In 
saturating concentration of c-di-GMP (1 µM), The results show that the requirement of 
at least 0.2 mM Mg2+ is retained (Figure 60).  
Previous studies on the hammerhead ribozyme folding showed a 10-fold 
change in the Mg2+ transition point for folding in absence and presence of PEG [192, 
193]. Unlike the hammerhead ribozyme, which has a very high [Mg2+] requirement in 
absence of molecular crowding for folding, the c-di-GMP riboswitch has a KMg
2+ of 0.5 
mM in presence of its ligand under dilute conditions [106]. In this study the presence of 
1 µM c-di-GMP and 15% wt/vol PEG yielded a KMg
2+ of 0.3 ± 0.1 mM by fitting the static 
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docked fraction to the Langmuir equation, showing a requirement of at least 0.2 mM 
Mg2+ for efficient docking and ligand binding (Figure 60). 
   
Figure 60: Magnesium-mediated folding requirement under molecular crowding. (a) 
smFRET histograms of the ligand-free aptamer with varying [Mg2+]. An increase of the 
dynamic docked population results to the observed small increase in the high FRET 
state count. (b) smFRET histograms of the ligand-free aptamer with varying [Mg2+] and 
15%wt/vol PEG. The high FRET state increases with Mg2+ as a result of increase in 
both the dynamic and static docked populations. (c) smFRET histograms of the holo 
aptamer with varying Mg2+ and saturating ligand concentration (1 µM). The static docked 
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population increases further showing a synergistic effect of both molecular crowding 
and ligand binding to the aptamer docking. (d) The Mg2+ transition point for docking of 
the ligand-free aptamer in presence of PEG was determined by fitting the fraction of the 
static docked population to the Langmuir equation to give a KMg
2+
 of 0.5 mM. In contrast, 
in absence of PEG the static docked population remains very low over the Mg2+ titration 
range. The role of Mg2+ in the docking of the aptamer even in presence of molecular 
crowding and the ligand is evident from a KMg
2+
 of 0.3 mM in presence of 15% wt/vol 
and 1 µM c-di-GMP. This result shows that specific Mg2+ binding sites are probable. 
Additionally, these results are in agreement with high-resolution crystal structures, 
which showed that the ligand uses metal-metal interactions for binding, in addition to 
other interactions with the aptamer residues.  
 
 Our results show that the role of Mg2+ in the aptamer region folding is not merely 
electrostatic, as the Mg2+ requirement cannot be completely eliminated. It is likely that 
the c-di-GMP riboswitch aptamer domain structure may contain specific Mg2+ binding 
sites, accounting for the non-abolishment of sub-millimolar concentrations of Mg2+ for 
docking. Our results in the presence of the ligand are in agreement with a recent 2.3 Å 
crystal structure, which shows that the ligand uses metal-metal interactions to interact 
with the riboswitch in addition to canonical and non-canonical H-bonding contacts [203, 
204]. These results are comparable to SAXS studies with the group 1 intron in the 
presence of molecular crowding agents which reported a Mg2+ transition point of 0.21 
mM in 20% PEG [218]. 
4.5.4 Ligand-mediated rearrangements under macromolecular crowding 
Riboswitch conformations are usually reorganized further by their interactions 
with their cognate metabolites. Previous smFRET studies from our lab in non-crowded 
medium yielded a c-di-GMP binding affinity of approximately 100 nM [106]. To 
understand how cellular crowding affects ligand-binding, we studied the aptamer folding 
as a function of c-di-GMP (0-1 µM) at a fixed Mg2+ (2.5 mM), and PEG (15% wt/vol) 
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concentrations. The c-di-GMP binding leads to a further increase of the static docked 
population as expected (Figure 61). The molecules that adopt this state remain statically 
docked for the length of the experiments of about five minutes. In absence of the ligand, 
the static docked population is 23 ± 4%, which increases to 66 ± 7% of the total 
molecules in 1 µM c-di-GMP. We determined the c-di-GMP binding affinity in cellular 
crowding conditions by fitting the fraction of the static docked population to the 
Langmuir equation to get a c-di-GMP dissociation constant of 47 ± 8 nM (Figure 61). 
The two-fold increase in the binding affinity can be attributed to a molecular crowding- 
induced increase in the c-di-GMP effective concentration, which may increase the rate 
of molecular recognition and thus lead to favored interactions between the aptamer and 
its cofactor.  
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Figure 61: Ligand-induced c-di-GMP aptamer docking. (a) The fraction of the static 
docked population increases with c-di-GMP at fixed 15% wt/vol PEG. Fitting of this 
population to the Langmuir equation yields a dissociation constant of 47 ± 8 nM. The 
dynamic docked population further increases the high FRET count but was not included 
in the fit as it is not ligand bound. 
 
4.5.5 Docking in presence of mutations disrupting long-range tertiary interations  
Long-range interactions stabilize RNA folding [219, 220]. The c-di-GMP 
riboswitch docking is achieved through two such interactions; a tetraloop-tetraloop 
receptor interaction and an interhelical Watson-Crick base pair [108, 203]. We sought to 
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understand the effect of macromolecular crowding to mutations that disrupt these 
interactions (Figure 62). Previous smFRET data showed that in dilute conditions, 
mutating these tertiary interactions disfavor the formation of the docked state in the apo 
form of the riboswitch [106].  
 
Figure 62: c-di-GMP riboswitch long-range interactions mutations: a) C44A mutant that 
introduces a GA mismatch, b) G83C mutation that introduces a CC mismatch, and c) 
A33U mutation, which disrupts the tetraloop-receptor interaction. 
 
Studies on the interhelical mutant in which C44 was mutated to A, thus disrupting 
the canonical WC base pair, show that in presence of 5-20% wt/vol PEG, a small 
fraction of the aptamer is able to dock and adopt either the static docked or dynamic 
docked conformations (Figure 63). At 20% wt/vol PEG and in absence of the ligand, 14 
± 4% of the molecules adopt the static docked state while an additional 13 ± 4% adopt 
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the dynamic docked conformation. These results are contrary to experiments in 
absence of macromolecular crowding in which the ligand-free C44A mutant only adopts 
the undocked conformation [106]. We expect the docked conformation to occur through 
molecular crowding-induced base interactions alternative to canonical WC G-C base 
pairing.  
 
Figure 63: Molecular crowding-induced docking of interhelical GC base pair mutant. (a) 
Steady state FRET studies of C44A mutant showing a reorganization of the ensemble 
resulting in an increase in FRET in the presence of 20% PEG in comparison to dilute 
conditions (b) smFRET histograms show that formation of alternative base interaction in 
the C44A mutant in which the interhelical GC base pair is disrupted in the ligand-free 
aptamer is favored under molecular crowding. (d) The AG mismatch is favored further in 
presence of both molecular crowding conditions and the ligand. 
 
 
Next, mutation G83C introduced a C-C mismatch. The results in absence of 
molecular crowding did not show any docking with this mutant either in absence of the 
ligand or at 1 M concentrations of c-di-GMP.  In molecular crowding conditions, 
however, the docked conformation was formed in absence of the ligand with 17 ± 4% 
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adopting the static docked conformation, in presence of the ligand this percentage 
increases further to 30 ± 5% (Figure 64). To understand the effect of the tetraloop–
tetraloop receptor mutation in molecular crowding conditions, we mutated the aptamer 
at position 33 by replacing the adenosine with a uracil. Just like the C44A mutant, in the 
absence of molecular crowder the apo form of the A33U mutant adopts the undocked 
conformation (Figure 65).  
 
Figure 64: Molecular crowding-induced docking of long-range interaction mutants. (a) 
Steady-state FRET shows a compaction of the G83C mutant. (b) smFRET histograms 
show an increase in the docked population as a result of molecular-crowding-enhanced 
formation of a C-C mismatch. (c) smFRET histograms show that molecular crowding 
favors ligand binding. In non-crowded conditions, no ligand binding was reported in 
saturating conditions. In presence of 20% PEG, however, the aptamer adopts a 
conformation that can favorably interact with the metabolite.  
 
We analyzed the population distribution of the A33U mutant as a function of PEG 
(5-20% wt/vol) to elucidate the molecular crowding effect. Our results show that 
formation of the tetraloop receptor-receptor interaction in cellular crowdedness takes 
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place and that the docked population similarly increases with increase in the molecular 
crowder concentration (Figure 65). At 20% wt/vol PEG, the static docked population is 
18 ± 4% while an additional fraction 17 ± 4% adopts the dynamic docked state. The 
observed docking in presence of PEG in the apo form of tetraloop-tetraloop receptor 
mutant may result due to the AU base-stacking interactions. The lower percentage of 
the docked population in comparison to the WT riboswitch may result from reduced 
stacking of the AU bases compared to the AA base stacking in the WT aptamer. The 
formation of the docked state in these mutants is not specific to the presence of 
molecular crowders since in the presence of the ligand, the C44A and A33U mutants 
are able to adopt the high-FRET conformation even in non-crowded conditions, but 
molecular crowding increases the ligand-bound conformation by reorganizing the 
unbound mutants to a ligand-binding competent conformation. This result is 
corroborated by our G83C mutant, which is unable to bind the ligand in dilute 
conditions; however, under molecular crowding, a small fraction of the molecules are 
able to interact with c-di-GMP [106]. 
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Figure 65: Molecular crowding-induced docking of long-range interactions mutants.  (a) 
Ensemble-FRET studies show that under molecular crowding, an average more-
compact conformation is adopted. (b) smFRET histograms show an increase in the 
docked population in A33U mutant, which disrupts a tetraloop-tetraloop receptor (TL-R) 
under molecular crowding in absence of the ligand. (c) smFRET histograms show that 
formation of alternative interaction between the tetraloop and its receptor in the A33U 
mutant is favored further in presence of both PEG and the ligand.  
 
In presence of the ligand and PEG (5-20% wt/vol), the fraction of the static 
docked conformations in the C44A and A33U mutants increases further to reach a 
maximum of 37 ± 5% and 57 ± 7%, respectively, at 20% wt/vol PEG, whereas the G83C 
mutant docked conformation is 30 ± 5%. Our results under molecular crowding indicate 
that the UA stacking interaction necessary for alternative tetraloop-tetraloop receptor 
interaction can form more readily compared to the A-G mismatch required for the C44A 
mutant to dock, and hence more fraction of the riboswitch is able to adopt the ligand-
binding competent conformation in the A33U mutant in comparison to the interhelical 
GC base pair mutants. This observation is in agreement with previous ITC studies that 
  
126 
reported a reduced change in the KD in the A33U mutation in comparison to the C44A 
and G83C mutations in dilute conditions [106].  
4.6 Conclusions 
Single-molecule and steady-state FRET studies have been used to show that in 
crowding conditions, the c-di-GMP riboswitch gears towards docking even in absence of 
it’s ligand with close to half of the total number of molecules (~ 40%) adopting the static 
docked conformation at 25% wt/vol PEG and ~ 30% of the molecules in 25% wt/vol 
dextran. These results demonstrate that the behavior of the c-di-GMP aptamer is 
different in presence of macromolecular crowding from in dilute conditions where only ~ 
5% of the population is able to adopt the native-like docked conformation [106]. The 
static docked conformation becomes more populated mainly due to a concomitant 
decrease of the undocked populations with a minimal change in the dynamic docked 
fraction.  
 The single-molecule analysis showed that the folding of the c-di-GMP aptamer 
requires at least 0.2 mM Mg2+ even in the presence of molecular crowders. The role of 
magnesium in the folding may thus be binding at specific sites within the aptamer in 
addition to charge screening. The folding of the c-di-GMP riboswitch (and probably 
other classes of riboswitches), may thus be different from folding of other RNA 
biomolecules such as the hammerhead ribozyme, which can effectively adopt the native 
structure in absence of divalent ions but in the presence of very high monovalent ions 
[221]. Additionally, even the presence of the ligand and macromolecular crowding, the 
Mg2+ requirement does not decrease below 0.1 mM. This significant necessity for Mg2+ 
may be due to the riboswitch mode of interaction with its ligand in which the ligand uses 
  
127 
metal-interactions to effect contacts with the aptamer as reported in the higher- 
resolution crystal structure [118]. The metal ion experiments are in agreement with 
observations that even though molecular crowding favors the compaction of 
biomolecules, it cannot initiate the process [63].   
Analysis to compare the c-di-GMP binding affinity in dilute medium and crowded 
states shows a two-fold increase in the binding affinity under macromolecular crowding. 
The relevance of these results to gene regulation is validated by the fact that the KD still 
remains within the nanomolar range. This result implies that under cellular crowding, the 
riboswitch only interacts with the metabolite once the ligand concentration reaches a 
certain threshold. This is important since there would be otherwise aberrant regulation 
of the genes associated with the riboswitch at very low ligand concentrations, which 
would adversely affect the bacteria survival.  
Since molecular crowding also influences reaction rates, the aptamer docking 
rates in the absence and presence of PEG were determined. The results show a 2.5- 
fold increase in the docking rates in the presence of molecular crowding agents. These 
results imply that unimolecular rates are not highly influenced by molecular crowding as 
expected in comparison to bimolecular events.  
Experiments to determine if the effects reported in these studies stem from 
volume exclusion or changes in the solvent properties were carried out by comparing 
the c-di-GMP riboswitch folding in PEG, dextran, and EG. Whereas the large 
macromolecules (PEG and dextran) favor compaction, there are no similar results 
observed in the presence of the smaller osmolyte, which may alter the solvent 
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properties but not necessarily occupy significant volume.  This result indicates that 
volume exclusion and not change in the solvent properties may have the greatest 
contribution in docking of the c-di-GMP riboswitch in the cell.  
The c-di-GMP riboswitch tertiary structure is stabilized by two key long-range 
interactions. In absence of molecular crowding and absence of the ligand, mutating the 
interhelical GC and the tetraloop-receptor interactions abolishes docking. In the 
presence of molecular crowding, however, formation of the docked conformation is 
favored, which shows that non-canonical base interactions are favored by molecular 
crowding. These results are in agreement with studies to determine DNA and RNA helix 
stability consisting of WC and non-canonical base interactions, which showed that 
Hoogsteen base pairings are favored under crowded medium [187, 217]. Further, 
molecular crowding reorganizes the long-range mutants to a ligand-binding competent 
conformation by enhancing the folding of both the interhelical WC and TL-R mutants 
allowing the formation the ligand binding site. 
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                                                          CHAPTER 5 
       CONCLUSIONS 
The first part of the thesis describes a new approach that has applications in 
monitoring local base dynamics in nucleic acids at the single-molecule level. Explained 
in Chapter three, this strategy utilizes the fluorescence quantum yield-dependence of 
fluorescent nucleotide analogues on their local environment. Historically, single-
molecule fluorescence studies have focused on the visible region of the electromagnetic 
radiation spectrum [122, 129]. In particular, smFRET has gained popularity in the recent 
decade with changes in distance in the nanometer range being monitored using high 
quantum yield chromophores. These extrinsic dyes have been preferred due to their 
brightness, since SM detection requires fluorescence emission above any background 
signals with SM studies being equated to searching for a ‘pin in a haystack’ [147]. The 
drawback of the traditional methods is that such chromophores are usually bulky and 
thus may alter biomolecule function. Additionally, since FRET is a distance- dependent 
phenomenon, only the bimolecular changes occurring between 10-100 Å can be 
monitored using the traditional smFRET methods.  
Crucial nucleic-acid conformational changes take place in the sub-nanometer to 
low-nanometer range where FRET is insensitive (10 nm). This challenge motivated the 
first part of the thesis work, in which these types of local dynamics were studied with 
such new approaches. The quenching phenomenon accompanies the photon 
absorption and emission processes, and hence the emitted fluorescence intensity can 
report on the position of a fluorophore within a biomolecule [156].  Nucleic-acid bases 
stack with their neighbors, and therefore the fluorescence behavior of a fluorescent 
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base-analogue is informative of it’s stacking interactions [142]. Additionally, the 
nucleotide analogues are small in size, and hence their incorporation does not affect the 
structure of a nucleic-acid strand. The challenge, however, is that they are less bright in 
comparison to traditional fluorophores and also they absorb within the UV region. This 
demands strategies to sufficiently suppress any background signals and also utilization 
of ultrasensitive fluorescence detectors. Generally, UV single-molecule studies and the 
use of intrinsic fluorophores despite their advantage of labeless detection have largely 
been avoided. However, a number of excellent studies have been published 
demonstrating the use of cofactors such as NAD+, FAD, and FMN to study enzymatic 
turnovers at the single-molecule level [210-212]. In the current studies, we used a He-
Cd laser, optimal UV-Vis optics, click chemistry-based immobilization strategies and a 
highly sensitive CCD camera to characterize 2AP and PC, and then further utilized the 
two fluorophores to study base-flipping dynamics in three nucleic-acid systems; an 
abasic-site DNA mimic, SAM-1 riboswitch binding pocket reorganization, and tRNAPro 
acceptor stem base dynamics. As these studies were ongoing, the Taekjip Ha lab also 
demonstrated proof-of-principle by utilizing two dyes that quench each other to monitor 
stacking and unstacking behavior of the two fluorophores [222]. However, unlike their 
study in which the strategy may not have direct applications in the investigation of local 
dynamics since the fluorophores used were attached on proteins, our method directly 
reports on nucleic-acid base-stacking changes. In addition, the CCD detectors used 
have up to a theoretical, single-photon detection sensitivity. The observation that the 
nucleotide analogues can be detected at the single-molecule level is in agreement with 
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previous fluorescence correlation spectroscopy (FCS) studies on 2AP, which showed 
that it had a photon rate on 2 kHz [208]. 
Overall, Chapter Three focused on base-flipping dynamics in DNA and RNA. 
These studies show that whereas both active and passive base-flipping mechanisms 
may take place, the initiation of the process might be a passive process with the protein 
or other cofactors stabilizing the flipped-out base conformation. Additionally, the studies 
show that base flipping takes place on the second time-scale. These results compare 
well with base-pair lifetimes studies, which take place in the millisecond timescale. 
However, unlike the base-pair breathing lifetimes measured by proton exchange NMR, 
which only require a partial/slight rotation of the base out of the helix for the protons to 
exchange, base flipping which requires a total 180 rotation from the helix is slower.  
Future studies on the abasic-site DNA 2AP dynamics may be carried out to 
compare the Mg2+ binding affinity between the ensemble-averaged experiments and the 
single-molecule studies. Additionally, studies in the presence of PspGI, which is the 
restriction enzyme that binds to the sequence used in these studies can be carried out 
to further understand the role of the protein in the base-flipping dynamics and 
mechanism [120].  To further understand the SAM-1 riboswitch, future studies may 
involve the determination of the single-molecule KD to determine if the substitution of the 
adenosine with 2AP has any adverse structural effects. To elucidate the origin of the 
observed decrease in the off rates in tRNAPro C74 in charging conditions, future studies 
may involve comparing the rates in presence of the protein and without ATP and L-
proline. This will determine if the change stems from protein binding or the attachment 
of the amino acid.  
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The second major part of the dissertation work focused on a model RNA-folding 
landscape under physiological crowding conditions. The c-di-GMP riboswitch was 
picked as the model owing to it’s widespread presence in bacteria, the critical role of c-
di-GMP as a second messenger and prior studies under dilute conditions, which 
showed that the aptamer exists in two major conformations, a compact and an extended 
states [106, 108]. Hence, these studies were meant to provide insight on how this 
riboswitch would regulate genes in a more physiological state.  
The folding and dynamics of the c-di-GMP riboswitch are sensitive to 
macromolecular crowding as shown in Chapter Four. The fraction of the similar ligand-
free and the ligand-bound riboswitch structure is significantly high under cellular 
crowding. This lead to studies to understand if this compact native-like structure formed 
in the absence of the ligand is functional. Real-time flow experiments were carried out, 
and the results showed that the ligand can interact with the aptamer either in the 
extended (low FRET) or the compact (high FRET) conformations. This result is similar 
both in the presence and absence of molecular crowding [106].  This shows that all of 
the conformations present within the cell are ligand-binding competent.  
Since the cellular environment has macromolecules occupying more that 30% of 
the cell volume [64], these results show that the structure of the ligand-free and ligand-
bound conformations may be significantly similar in the cell. Hence, under crowding the 
riboswitch may rapidly dock once transcribed with ligand binding, only requiring minimal 
rearrangements.  Notably, this mode of action may decrease the time between co-
transcriptional folding, molecular recognition, and transcription enhancement under a 
continuum ligand-recognition mechanism (Figure 66). This is similar to the ligand-free 
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and ligand-bound structures of SAM-1 riboswitch determined in dilute conditions 
(discussed in Section 3.7), which can adopt similar folds, but use a conformation-
selection mode of recognition [94, 105].  Compact ligand-free structures have also been 
reported in other examples of riboswitches such as the glmS, lysine, and the T. 
tengcongensis pre-Q1 aptamers even in non-crowded medium [214-216].   
            
Figure 66: Continuum c-di-GMP ligand-recognition model. The riboswitch can interact 
with the ligand from the static undocked conformation and adopt the native state 
(induced-fit mechanism) or it can adopt multiple conformations in the absence of the 
ligand with the ligand-binding stabilizing the static docked conformation. In the cell the 
docked conformation is favored (due to macromolecular crowding). This effect can then 
accelerate the gene-regulation process. 
 
The question that arises then is how the gene is turned off once the ligand binds 
if the aptamer is already compact, even in the apo form? Currently, biophysical studies 
on riboswitches have mainly focused on the aptamer domain. There is evidence, 
however, that the switch helix between the aptamers and the expression platform 
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reorganizes following  binding of the ligand. Future directions of study to understand the 
c-di-GMP riboswitch further will seek to employ multiple color FRET in which dyes can 
be introduced on the P1 switch helix and the expression platform, and monitor the 
changes in the conformations of these additional regions. A probable mode of action to 
affect gene regulation only when the ligand is present, would be a 
reorientation/modulation of the switch helix once the ligand binds. Therefore, even 
though the aptamer can fold in the ligand-free state, the orientation/fold of the switch 
helix is such that the downstream expression platform does not allow gene regulation to 
take place.  
 
 
 
 
 
 
 
 
 
 
  
135 
                                                          REFERENCES 
1. Crick F: Central dogma of molecular biology. Nature 1970, 227(5258):561-
563. 
2. Woese CR, Fox GE: The concept of cellular evolution. J Mol Evol 1977, 
10(1):1-6. 
3. Domingo E, Holland JJ: RNA virus mutations and fitness for survival. Annu 
Rev Microbiol 1997, 51:151-178. 
4. Hegde NR, Maddur MS, Kaveri SV, Bayry J: Reasons to include viruses in the 
tree of life. Nat Rev Microbiol 2009, 7(8):615; author reply 615. 
5. Khorana HG, Buchi H, Ghosh H, Gupta N, Jacob TM, Kossel H, Morgan R, 
Narang SA, Ohtsuka E, Wells RD: Polynucleotide synthesis and the genetic 
code. Cold Spring Harb Symp Quant Biol 1966, 31:39-49. 
6. Noller HF: Ribosomes, drugs and the RNA world. Nature 1991, 
353(6342):302-303. 
7. Cech TR: Structural biology. The ribosome is a ribozyme. Science 2000, 
289(5481):878-879. 
8. Kruger K, Grabowski PJ, Zaug AJ, Sands J, Gottschling DE, Cech TR: Self-
splicing RNA: autoexcision and autocyclization of the ribosomal RNA 
intervening sequence of Tetrahymena. Cell 1982, 31(1):147-157. 
9. He L, Hannon GJ: MicroRNAs: small RNAs with a big role in gene 
regulation. Nat Rev Genet 2004, 5(7):522-531. 
10. Nahvi A, Sudarsan N, Ebert MS, Zou X, Brown KL, Breaker RR: Genetic control 
by a metabolite binding mRNA. Chem Biol 2002, 9(9):1043. 
  
136 
11. Steitz TA, Moore PB: RNA, the first macromolecular catalyst: the ribosome 
is a ribozyme. Trends Biochem Sci 2003, 28(8):411-418. 
12. Sharp DJ, Rogers GC, Scholey JM: Microtubule motors in mitosis. Nature 
2000, 407(6800):41-47. 
13. Cruz JA, Westhof E: The dynamic landscapes of RNA architecture. Cell 2009, 
136(4):604-609. 
14. Watson JD, Crick FH: Molecular structure of nucleic acids; a structure for 
deoxyribose nucleic acid. Nature 1953, 171(4356):737-738. 
15. Ha SC, Lowenhaupt K, Rich A, Kim YG, Kim KK: Crystal structure of a 
junction between B-DNA and Z-DNA reveals two extruded bases. Nature 
2005, 437(7062):1183-1186. 
16. Ivanov VI, Minchenkova LE, Minyat EE, Frank-Kamenetskii MD, Schyolkina AK: 
The B to A transition of DNA in solution. J Mol Biol 1974, 87(4):817-833. 
17. Mirkin SM, Frank-Kamenetskii MD: H-DNA and related structures. Annu Rev 
Biophys Biomol Struct 1994, 23:541-576. 
18. Higgins CF, Dorman CJ, Stirling DA, Waddell L, Booth IR, May G, Bremer E: A 
physiological role for DNA supercoiling in the osmotic regulation of gene 
expression in S. typhimurium and E. coli. Cell 1988, 52(4):569-584. 
19. Patel SS, Picha KM: Structure and function of hexameric helicases. Annu 
Rev Biochem 2000, 69:651-697. 
20. SantaLucia J, Jr., Hicks D: The thermodynamics of DNA structural motifs. 
Annu Rev Biophys Biomol Struct 2004, 33:415-440. 
  
137 
21. Duckett DR, Murchie AI, Diekmann S, von Kitzing E, Kemper B, Lilley DM: The 
structure of the Holliday junction, and its resolution. Cell 1988, 55(1):79-89. 
22. Zhang Q, Kim NK, Feigon J: Architecture of human telomerase RNA. Proc 
Natl Acad Sci U S A 2011, 108(51):20325-20332. 
23. Drew HR, Wing RM, Takano T, Broka C, Tanaka S, Itakura K, Dickerson RE: 
Structure of a B-DNA dodecamer: conformation and dynamics. Proc Natl 
Acad Sci U S A 1981, 78(4):2179-2183. 
24. Ramakrishnan B, Sundaralingam M: Crystal structure of the A-DNA decamer 
d(CCIGGCCm5CGG) at 1.6 A showing the unexpected wobble I.m5C base 
pair. Biophys J 1995, 69(2):553-558. 
25. Ha SC, Kim D, Hwang HY, Rich A, Kim YG, Kim KK: The crystal structure of 
the second Z-DNA binding domain of human DAI (ZBP1) in complex with Z-
DNA reveals an unusual binding mode to Z-DNA. Proc Natl Acad Sci U S A 
2008, 105(52):20671-20676. 
26. Gommers-Ampt JH, Borst P: Hypermodified bases in DNA. FASEB J 1995, 
9(11):1034-1042. 
27. Hoogsteen K: The Crystal and molecular structure of a hydrogen-bonded 
complex between 1-methylthymine and 9-methyladenine. actaCryst 
1963(16):907-916. 
28. Saenger W: Principles of nucleic acid structure. 1984. 
29. Joyce CM, Steitz TA: Function and structure relationships in DNA 
polymerases. Annu Rev Biochem 1994, 63:777-822. 
  
138 
30. Daubner GM, Clery A, Jayne S, Stevenin J, Allain FH: A syn-anti 
conformational difference allows SRSF2 to recognize guanines and 
cytosines equally well. EMBO J 2012, 31(1):162-174. 
31. Gueron M, Kochoyan M, Leroy JL: A single mode of DNA base-pair opening 
drives imino proton exchange. Nature 1987, 328(6125):89-92. 
32. Roberts RJ, Cheng X: Base flipping. Annu Rev Biochem 1998, 67:181-198. 
33. O'Gara M, Horton JR, Roberts RJ, Cheng X: Structures of HhaI 
methyltransferase complexed with substrates containing mismatches at 
the target base. Nat Struct Biol 1998, 5(10):872-877. 
34. Holley RW, Apgar J, Everett GA, Madison JT, Marquisee M, Merrill SH, Penswick 
JR, Zamir A: Structure of a ribonucleic acid. Science 1965, 147(3664):1462-
1465. 
35. Nilsen TW: The spliceosome: the most complex macromolecular machine in 
the cell? Bioessays 2003, 25(12):1147-1149. 
36. Couzin J: Breakthrough of the year. Small RNAs make big splash. Science 
2002, 298(5602):2296-2297. 
37. Girard A, Sachidanandam R, Hannon GJ, Carmell MA: A germline-specific 
class of small RNAs binds mammalian Piwi proteins. Nature 2006, 
442(7099):199-202. 
38. Al-Hashimi HM, Walter NG: RNA dynamics: it is about time. Curr Opin Struct 
Biol 2008, 18(3):321-329. 
39. Tinoco I, Jr., Bustamante C: How RNA folds. J Mol Biol 1999, 293(2):271-281. 
  
139 
40. Draper DE: Strategies for RNA folding. Trends Biochem Sci 1996, 21(4):145-
149. 
41. Karplus M: The Levinthal paradox: yesterday and today. Fold Des 1997, 
2(4):S69-75. 
42. Dill KA, Chan HS: From Levinthal to pathways to funnels. Nat Struct Biol 
1997, 4(1):10-19. 
43. Zwanzig R, Szabo A, Bagchi B: Levinthal's paradox. Proc Natl Acad Sci U S A 
1992, 89(1):20-22. 
44. Westhof E, Fritsch V: RNA folding: beyond Watson-Crick pairs. Structure 
2000, 8(3):R55-65. 
45. Masquida B, Westhof E: On the wobble GoU and related pairs. RNA 2000, 
6(1):9-15. 
46. Pyle AM: Metal ions in the structure and function of RNA. J Biol Inorg Chem 
2002, 7(7-8):679-690. 
47. Draper DE: A guide to ions and RNA structure. RNA 2004, 10(3):335-343. 
48. Brion P, Westhof E: Hierarchy and dynamics of RNA folding. Annu Rev 
Biophys Biomol Struct 1997, 26:113-137. 
49. Banatao DR, Altman RB, Klein TE: Microenvironment analysis and 
identification of magnesium binding sites in RNA. Nucleic Acids Res 2003, 
31(15):4450-4460. 
50. Noller HF: RNA structure: reading the ribosome. Science 2005, 
309(5740):1508-1514. 
  
140 
51. Batey RT, Rambo RP, Doudna JA: Tertiary motifs in RNA structure and 
folding. Angew Chem Int Ed Engl 1999, 38(16):2326-2343. 
52. Herschlag D: RNA chaperones and the RNA folding problem. J Biol Chem 
1995, 270(36):20871-20874. 
53. Treiber DK, Williamson JR: Beyond kinetic traps in RNA folding. Curr Opin 
Struct Biol 2001, 11(3):309-314. 
54. Sundaralingam M, Abola J: Stereochemistry of nucleic acids and their 
constituents. XXVII. The crystal structure of 5'-methyleneadenosine 3',5'-
cyclic monophosphonate monohydrate, a biologically active analog of the 
secondary hormonal messenger cyclic adenosine 3',5-monophosphate. 
Conformational "rigidity" of the furanose ring in cyclic nucleotides. J Am 
Chem Soc 1972, 94(14):5070-5076. 
55. Hashem Y, Auffinger P: A short guide for molecular dynamics simulations of 
RNA systems. Methods 2009, 47(3):187-197. 
56. Karunatilaka KS, Rueda D: Single-molecule fluorescence studies of RNA: A 
decade's progress. Chem Phys Lett 2009, 476(1):1-10. 
57. Bokinsky G, Rueda D, Misra VK, Rhodes MM, Gordus A, Babcock HP, Walter 
NG, Zhuang X: Single-molecule transition-state analysis of RNA folding. 
Proc Natl Acad Sci U S A 2003, 100(16):9302-9307. 
58. Zemora G, Waldsich C: RNA folding in living cells. RNA Biol 2010, 7(6):634-
641. 
59. Dedmon MM, Patel CN, Young GB, Pielak GJ: FlgM gains structure in living 
cells. Proc Natl Acad Sci U S A 2002, 99(20):12681-12684. 
  
141 
60. Petraccone L, Malafronte A, Amato J, Giancola C: G-quadruplexes from 
human telomeric DNA: how many conformations in PEG containing 
solutions? J Phys Chem B 2012, 116(7):2294-2305. 
61. Balasubramanian S, Hurley LH, Neidle S: Targeting G-quadruplexes in gene 
promoters: a novel anticancer strategy? Nat Rev Drug Discov 2011, 
10(4):261-275. 
62. van den Berg B, Wain R, Dobson CM, Ellis RJ: Macromolecular crowding 
perturbs protein refolding kinetics: implications for folding inside the cell. 
EMBO J 2000, 19(15):3870-3875. 
63. Ellis RJ: Macromolecular crowding: obvious but underappreciated. Trends 
Biochem Sci 2001, 26(10):597-604. 
64. Fulton AB: How crowded is the cytoplasm? Cell 1982, 30(2):345-347. 
65. Minton AP: Macromolecular crowding. Curr Biol 2006, 16(8):R269-271. 
66. Chebotareva NA, Kurganov BI, Livanova NB: Biochemical effects of molecular 
crowding. Biochemistry (Mosc) 2004, 69(11):1239-1251. 
67. Jenal U, Malone J: Mechanisms of cyclic-di-GMP signaling in bacteria. Annu 
Rev Genet 2006, 40:385-407. 
68. Gelfand MS, Mironov AA, Jomantas J, Kozlov YI, Perumov DA: A conserved 
RNA structure element involved in the regulation of bacterial riboflavin 
synthesis genes. Trends Genet 1999, 15(11):439-442. 
69. Ren A, Rajashankar KR, Patel DJ: Fluoride ion encapsulation by Mg2+ ions 
and phosphates in a fluoride riboswitch. Nature 2012, 486(7401):85-89. 
  
142 
70. Liberman JA, Wedekind JE: Riboswitch structure in the ligand-free state. 
Wiley Interdiscip Rev RNA 2012, 3(3):369-384. 
71. Baker JL, Sudarsan N, Weinberg Z, Roth A, Stockbridge RB, Breaker RR: 
Widespread genetic switches and toxicity resistance proteins for fluoride. 
Science 2012, 335(6065):233-235. 
72. Rey DA, Nentwich SS, Koch DJ, Ruckert C, Puhler A, Tauch A, Kalinowski J: 
The McbR repressor modulated by the effector substance S-
adenosylhomocysteine controls directly the transcription of a regulon 
involved in sulphur metabolism of Corynebacterium glutamicum ATCC 
13032. Mol Microbiol 2005, 56(4):871-887. 
73. Mandal M, Breaker RR: Adenine riboswitches and gene activation by 
disruption of a transcription terminator. Nat Struct Mol Biol 2004, 11(1):29-35. 
74. Wickiser JK, Winkler WC, Breaker RR, Crothers DM: The speed of RNA 
transcription and metabolite binding kinetics operate an FMN riboswitch. 
Mol Cell 2005, 18(1):49-60. 
75. Winkler WC, Cohen-Chalamish S, Breaker RR: An mRNA structure that 
controls gene expression by binding FMN. Proc Natl Acad Sci U S A 2002, 
99(25):15908-15913. 
76. Grundy FJ, Winkler WC, Henkin TM: tRNA-mediated transcription 
antitermination in vitro: codon-anticodon pairing independent of the 
ribosome. Proc Natl Acad Sci U S A 2002, 99(17):11121-11126. 
  
143 
77. McDaniel BA, Grundy FJ, Artsimovitch I, Henkin TM: Transcription termination 
control of the S box system: direct measurement of S-adenosylmethionine 
by the leader RNA. Proc Natl Acad Sci U S A 2003, 100(6):3083-3088. 
78. Gilbert SD, Montange RK, Stoddard CD, Batey RT: Structural studies of the 
purine and SAM binding riboswitches. Cold Spring Harb Symp Quant Biol 
2006, 71:259-268. 
79. Montange RK, Batey RT: Structure of the S-adenosylmethionine riboswitch 
regulatory mRNA element. Nature 2006, 441(7097):1172-1175. 
80. Kim JN, Roth A, Breaker RR: Guanine riboswitch variants from Mesoplasma 
florum selectively recognize 2'-deoxyguanosine. Proc Natl Acad Sci U S A 
2007, 104(41):16092-16097. 
81. Roth A, Winkler WC, Regulski EE, Lee BW, Lim J, Jona I, Barrick JE, Ritwik A, 
Kim JN, Welz R et al: A riboswitch selective for the queuosine precursor 
preQ1 contains an unusually small aptamer domain. Nat Struct Mol Biol 
2007, 14(4):308-317. 
82. Dann CE, 3rd, Wakeman CA, Sieling CL, Baker SC, Irnov I, Winkler WC: 
Structure and mechanism of a metal-sensing regulatory RNA. Cell 2007, 
130(5):878-892. 
83. Kalamorz F, Reichenbach B, Marz W, Rak B, Gorke B: Feedback control of 
glucosamine-6-phosphate synthase GlmS expression depends on the small 
RNA GlmZ and involves the novel protein YhbJ in Escherichia coli. Mol 
Microbiol 2007, 65(6):1518-1533. 
  
144 
84. Gilbert SD, Rambo RP, Van Tyne D, Batey RT: Structure of the SAM-II 
riboswitch bound to S-adenosylmethionine. Nat Struct Mol Biol 2008, 
15(2):177-182. 
85. Garst AD, Heroux A, Rambo RP, Batey RT: Crystal structure of the lysine 
riboswitch regulatory mRNA element. J Biol Chem 2008, 283(33):22347-
22351. 
86. Lu C, Smith AM, Fuchs RT, Ding F, Rajashankar K, Henkin TM, Ke A: Crystal 
structures of the SAM-III/S(MK) riboswitch reveal the SAM-dependent 
translation inhibition mechanism. Nat Struct Mol Biol 2008, 15(10):1076-1083. 
87. Huang W, Kim J, Jha S, Aboul-ela F: A mechanism for S-adenosyl methionine 
assisted formation of a riboswitch conformation: a small molecule with a 
strong arm. Nucleic Acids Res 2009, 37(19):6528-6539. 
88. Poiata E, Meyer MM, Ames TD, Breaker RR: A variant riboswitch aptamer 
class for S-adenosylmethionine common in marine bacteria. RNA 2009, 
15(11):2046-2056. 
89. Winkler W, Nahvi A, Breaker RR: Thiamine derivatives bind messenger RNAs 
directly to regulate bacterial gene expression. Nature 2002, 419(6910):952-
956. 
90. Sudarsan N, Lee ER, Weinberg Z, Moy RH, Kim JN, Link KH, Breaker RR: 
Riboswitches in eubacteria sense the second messenger cyclic di-GMP. 
Science 2008, 321(5887):411-413. 
  
145 
91. Lee ER, Baker JL, Weinberg Z, Sudarsan N, Breaker RR: An allosteric self-
splicing ribozyme triggered by a bacterial second messenger. Science 2010, 
329(5993):845-848. 
92. Christen B, Christen M, Paul R, Schmid F, Folcher M, Jenoe P, Meuwly M, Jenal 
U: Allosteric control of cyclic di-GMP signaling. J Biol Chem 2006, 
281(42):32015-32024. 
93. Serganov A, Patel DJ: Molecular recognition and function of riboswitches. 
Curr Opin Struct Biol 2012, 22(3):279-286. 
94. Lang K, Rieder R, Micura R: Ligand-induced folding of the thiM TPP 
riboswitch investigated by a structure-based fluorescence spectroscopic 
approach. Nucleic Acids Res 2007, 35(16):5370-5378. 
95. Stoddard CD, Montange RK, Hennelly SP, Rambo RP, Sanbonmatsu KY, Batey 
RT: Free state conformational sampling of the SAM-I riboswitch aptamer 
domain. Structure 2010, 18(7):787-797. 
96. Batey RT: Structure and mechanism of purine-binding riboswitches. Q Rev 
Biophys 2012, 45(3):345-381. 
97. Johnson JE, Jr., Reyes FE, Polaski JT, Batey RT: B12 cofactors directly 
stabilize an mRNA regulatory switch. Nature 2012, 492(7427):133-137. 
98. Wacker A, Buck J, Mathieu D, Richter C, Wohnert J, Schwalbe H: Structure and 
dynamics of the deoxyguanosine-sensing riboswitch studied by NMR-
spectroscopy. Nucleic Acids Res 2011, 39(15):6802-6812. 
  
146 
99. Wilson RC, Smith AM, Fuchs RT, Kleckner IR, Henkin TM, Foster MP: Tuning 
riboswitch regulation through conformational selection. J Mol Biol 2011, 
405(4):926-938. 
100. Delfosse V, Bouchard P, Bonneau E, Dagenais P, Lemay JF, Lafontaine DA, 
Legault P: Riboswitch structure: an internal residue mimicking the purine 
ligand. Nucleic Acids Res 2010, 38(6):2057-2068. 
101. Mandal M, Boese B, Barrick JE, Winkler WC, Breaker RR: Riboswitches 
control fundamental biochemical pathways in Bacillus subtilis and other 
bacteria. Cell 2003, 113(5):577-586. 
102. Baird NJ, Ferre-D'Amare AR: Idiosyncratically tuned switching behavior of 
riboswitch aptamer domains revealed by comparative small-angle X-ray 
scattering analysis. RNA 2010, 16(3):598-609. 
103. Regulski EE, Breaker RR: In-line probing analysis of riboswitches. Methods 
Mol Biol 2008, 419:53-67. 
104. Haller A, Rieder U, Aigner M, Blanchard SC, Micura R: Conformational capture 
of the SAM-II riboswitch. Nat Chem Biol 2011, 7(6):393-400. 
105. Haller A, Souliere MF, Micura R: The dynamic nature of RNA as key to 
understanding riboswitch mechanisms. Acc Chem Res 2011, 44(12):1339-
1348. 
106. Wood S, Ferre-D'Amare AR, Rueda D: Allosteric tertiary interactions 
preorganize the c-di-GMP riboswitch and accelerate ligand binding. ACS 
Chem Biol 2012. 
  
147 
107. Stoddard CD, Widmann J, Trausch JJ, Marcano-Velazquez JG, Knight R, Batey 
RT: Nucleotides adjacent to the ligand-binding pocket are linked to activity 
tuning in the purine riboswitch. J Mol Biol 2013. 
108. Stockbridge RB, Lim HH, Otten R, Williams C, Shane T, Weinberg Z, Miller C: 
Fluoride resistance and transport by riboswitch-controlled CLC antiporters. 
Proc Natl Acad Sci U S A 2012, 109(38):15289-15294. 
109. Grundy FJ, Rollins SM, Henkin TM: Interaction between the acceptor end of 
tRNA and the T box stimulates antitermination in the Bacillus subtilis tyrS 
gene: a new role for the discriminator base. J Bacteriol 1994, 176(15):4518-
4526. 
110. Green NJ, Grundy FJ, Henkin TM: The T box mechanism: tRNA as a 
regulatory molecule. FEBS Lett 2010, 584(2):318-324. 
111. Grigg JC, Chen Y, Grundy FJ, Henkin TM, Pollack L, Ke A: T box RNA decodes 
both the information content and geometry of tRNA to affect gene 
expression. Proc Natl Acad Sci U S A 2013. 
112. Li S, Breaker RR: Eukaryotic TPP riboswitch regulation of alternative 
splicing involving long-distance base pairing. Nucleic Acids Res 2013, 
41(5):3022-3031. 
113. Yamauchi T, Miyoshi D, Kubodera T, Nishimura A, Nakai S, Sugimoto N: Roles 
of Mg2+ in TPP-dependent riboswitch. FEBS Lett 2005, 579(12):2583-2588. 
114. Heppell B, Blouin S, Dussault AM, Mulhbacher J, Ennifar E, Penedo JC, 
Lafontaine DA: Molecular insights into the ligand-controlled organization of 
the SAM-I riboswitch. Nat Chem Biol 2011, 7(6):384-392. 
  
148 
115. Qin F, Chen Y, Wu M, Li Y, Zhang J, Chen HF: Induced fit or conformational 
selection for RNA/U1A folding. RNA 2010, 16(5):1053-1061. 
116. Serganov A, Patel DJ: Metabolite recognition principles and molecular 
mechanisms underlying riboswitch function. Annu Rev Biophys 2012, 
41:343-370. 
117. Zhou HX: From induced fit to conformational selection: a continuum of 
binding mechanism controlled by the timescale of conformational 
transitions. Biophys J 2010, 98(6):L15-17. 
118. Smith KD, Lipchock SV, Livingston AL, Shanahan CA, Strobel SA: Structural 
and biochemical determinants of ligand binding by the c-di-GMP 
riboswitch. Biochemistry 2010, 49(34):7351-7359. 
119. Zhang J, Lau MW, Ferre-D'Amare AR: Ribozymes and riboswitches: 
modulation of RNA function by small molecules. Biochemistry 2010, 
49(43):9123-9131. 
120. Carpenter MA, Bhagwat AS: DNA base flipping by both members of the 
PspGI restriction-modification system. Nucleic Acids Res 2008, 36(16):5417-
5425. 
121. Holz B, Klimasauskas S, Serva S, Weinhold E: 2-Aminopurine as a fluorescent 
probe for DNA base flipping by methyltransferases. Nucleic Acids Res 1998, 
26(4):1076-1083. 
122. Lenz T, Bonnist EY, Pljevaljcic G, Neely RK, Dryden DT, Scheidig AJ, Jones AC, 
Weinhold E: 2-Aminopurine flipped into the active site of the adenine-
  
149 
specific DNA methyltransferase M.TaqI: crystal structures and time-
resolved fluorescence. J Am Chem Soc 2007, 129(19):6240-6248. 
123. Szczepanowski RH, Carpenter MA, Czapinska H, Zaremba M, Tamulaitis G, 
Siksnys V, Bhagwat AS, Bochtler M: Central base pair flipping and 
discrimination by PspGI. Nucleic Acids Res 2008, 36(19):6109-6117. 
124. Lariviere L, Sommer N, Morera S: Structural evidence of a passive base-
flipping mechanism for AGT, an unusual GT-B glycosyltransferase. J Mol 
Biol 2005, 352(1):139-150. 
125. Bowman BR, Lee S, Wang S, Verdine GL: Structure of Escherichia coli AlkA 
in complex with undamaged DNA. J Biol Chem 2010, 285(46):35783-35791. 
126. Ambjornsson T, Banik SK, Krichevsky O, Metzler R: Breathing dynamics in 
heteropolymer DNA. Biophys J 2007, 92(8):2674-2684. 
127. Jenkins JL, Krucinska J, McCarty RM, Bandarian V, Wedekind JE: Comparison 
of a preQ1 riboswitch aptamer in metabolite-bound and free states with 
implications for gene regulation. J Biol Chem 2011, 286(28):24626-24637. 
128. Kulshina N, Baird NJ, Ferre-D'Amare AR: Recognition of the bacterial second 
messenger cyclic diguanylate by its cognate riboswitch. Nat Struct Mol Biol 
2009, 16(12):1212-1217. 
129. Zhao R, Rueda D: RNA folding dynamics by single-molecule fluorescence 
resonance energy transfer. Methods 2009, 49(2):112-117. 
130. Venditti V, Clos L, 2nd, Niccolai N, Butcher SE: Minimum-energy path for a u6 
RNA conformational change involving protonation, base-pair 
rearrangement and base flipping. J Mol Biol 2009, 391(5):894-905. 
  
150 
131. Guo Z, Karunatilaka KS, Rueda D: Single-molecule analysis of protein-free 
U2-U6 snRNAs. Nat Struct Mol Biol 2009, 16(11):1154-1159. 
132. Xiol J, Cora E, Koglgruber R, Chuma S, Subramanian S, Hosokawa M, Reuter 
M, Yang Z, Berninger P, Palencia A et al: A role for Fkbp6 and the chaperone 
machinery in piRNA amplification and transposon silencing. Mol Cell 2012, 
47(6):970-979. 
133. Wan X, Harkavy B, Shen N, Grohar P, Helman LJ: Rapamycin induces 
feedback activation of Akt signaling through an IGF-1R-dependent 
mechanism. Oncogene 2007, 26(13):1932-1940. 
134. Suddath FL, Quigley GJ, McPherson A, Sneden D, Kim JJ, Kim SH, Rich A: 
Three-dimensional structure of yeast phenylalanine transfer RNA at 
3.0angstroms resolution. Nature 1974, 248(443):20-24. 
135. Kim SH, Suddath FL, Quigley GJ, McPherson A, Sussman JL, Wang AH, 
Seeman NC, Rich A: Three-dimensional tertiary structure of yeast 
phenylalanine transfer RNA. Science 1974, 185(4149):435-440. 
136. Shi H, Moore PB: The crystal structure of yeast phenylalanine tRNA at 1.93 
A resolution: a classic structure revisited. RNA 2000, 6(8):1091-1105. 
137. Ibba M, Soll D: Aminoacyl-tRNA synthesis. Annu Rev Biochem 2000, 69:617-
650. 
138. Wong FC, Beuning PJ, Silvers C, Musier-Forsyth K: An isolated class II 
aminoacyl-tRNA synthetase insertion domain is functional in amino acid 
editing. J Biol Chem 2003, 278(52):52857-52864. 
  
151 
139. Ling J, Reynolds N, Ibba M: Aminoacyl-tRNA synthesis and translational 
quality control. Annu Rev Microbiol 2009, 63:61-78. 
140. Kochoyan M, Leroy JL, Gueron M: Proton exchange and base-pair lifetimes in 
a deoxy-duplex containing a purine-pyrimidine step and in the duplex of 
inverse sequence. J Mol Biol 1987, 196(3):599-609. 
141. Stivers JT: 2-Aminopurine fluorescence studies of base stacking 
interactions at abasic sites in DNA: metal-ion and base sequence effects. 
Nucleic Acids Res 1998, 26(16):3837-3844. 
142. Millar DP: Fluorescence studies of DNA and RNA structure and dynamics. 
Curr Opin Struct Biol 1996, 6(3):322-326. 
143. Hall KB, Williams DJ: Dynamics of the IRE RNA hairpin loop probed by 2-
aminopurine fluorescence and stochastic dynamics simulations. RNA 2004, 
10(1):34-47. 
144. Law SM, Feig M: Base-flipping mechanism in postmismatch recognition by 
MutS. Biophys J 2011, 101(9):2223-2231. 
145. Roy R, Hohng S, Ha T: A practical guide to single-molecule FRET. Nat 
Methods 2008, 5(6):507-516. 
146. Rueda D, Walter NG: Fluorescent energy transfer readout of an aptazyme-
based biosensor. Methods Mol Biol 2006, 335:289-310. 
147. Walter NG, Huang CY, Manzo AJ, Sobhy MA: Do-it-yourself guide: how to use 
the modern single-molecule toolkit. Nat Methods 2008, 5(6):475-489. 
148. Thompson NL, Lieto AM, Allen NW: Recent advances in fluorescence 
correlation spectroscopy. Curr Opin Struct Biol 2002, 12(5):634-641. 
  
152 
149. Tinoco I, Jr., Gonzalez RL, Jr.: Biological mechanisms, one molecule at a 
time. Genes Dev 2011, 25(12):1205-1231. 
150. Rotman B: Measurement of activity of single molecules of beta-D-
galactosidase. Proc Natl Acad Sci U S A 1961, 47:1981-1991. 
151. García-Parajo MV, J Hulst, N: Optical probing of single fluorescent 
molecules and proteins. Chem phys chem 2001, 2:347-360. 
152. Kapanidis AN Weiss, S. : Fluorescent probes and bioconjugation 
chemistries for single-molecule fluorescence analysis of biomolecules. J 
Chem Phys 2002, 117:10953–10964. 
153. Blanchard SC, Gonzalez RL, Kim HD, Chu S, Puglisi JD: tRNA selection and 
kinetic proofreading in translation. Nat Struct Mol Biol 2004, 11(10):1008-
1014. 
154. Karunatilaka KS, Solem A, Pyle AM, Rueda D: Single-molecule analysis of 
Mss116-mediated group II intron folding. Nature 2010, 467(7318):935-939. 
155. Zhuang X, Kim H, Pereira MJ, Babcock HP, Walter NG, Chu S: Correlating 
structural dynamics and function in single ribozyme molecules. Science 
2002, 296(5572):1473-1476. 
156. Lakowicz JR: Principles of fluorescence spectroscopy 3rd ed. 2006. 
157. Chen J, Tsai A, Petrov A, Puglisi JD: Nonfluorescent quenchers to correlate 
single-molecule conformational and compositional dynamics. J Am Chem 
Soc 2012, 134(13):5734-5737. 
  
153 
158. Le Reste L, Hohlbein J, Gryte K, Kapanidis AN: Characterization of dark 
quencher chromophores as nonfluorescent acceptors for single-molecule 
FRET. Biophys J 2012, 102(11):2658-2668. 
159. Goldberg JM, Batjargal S, Petersson EJ: Thioamides as fluorescence 
quenching probes: minimalist chromophores to monitor protein dynamics. 
J Am Chem Soc 2010, 132(42):14718-14720. 
160. Ward DC, Reich E, Stryer L: Fluorescence studies of nucleotides and 
polynucleotides. I. Formycin, 2-aminopurine riboside, 2,6-diaminopurine 
riboside, and their derivatives. J Biol Chem 1969, 244(5):1228-1237. 
161. Dash C, Rausch JW, Le Grice SF: Using pyrrolo-deoxycytosine to probe 
RNA/DNA hybrids containing the human immunodeficiency virus type-1 3' 
polypurine tract. Nucleic Acids Res 2004, 32(4):1539-1547. 
162. Mashanov GT, D  Knight, A  Peckham, M  Molloy, J: Visualizing single 
molecules inside living cells using total internal reflection fluorescence 
microscopy. Methods 2003, 29:142–152. 
163. Diamandis EP, Christopoulos TK: The biotin-(strept)avidin system: principles 
and applications in biotechnology. Clin Chem 1991, 37(5):625-636. 
164. Kolb HC, Finn MG, Sharpless KB: Click chemistry: Diverse chemical function 
from a few good reactions. Angew Chem Int Ed Engl 2001, 40(11):2004-2021. 
165. Aleman EA, Pedini HS, Rueda D: Covalent-bond-based immobilization 
approaches for single-molecule fluorescence. Chembiochem 2009, 
10(18):2862-2866. 
  
154 
166. Rostovtsev VV, Green LG, Fokin VV, Sharpless KB: A stepwise huisgen 
cycloaddition process: copper(I)-catalyzed regioselective "ligation" of 
azides and terminal alkynes. Angew Chem Int Ed Engl 2002, 41(14):2596-
2599. 
167. Sharpless KB: Searching for new reactivity (Nobel lecture). Angew Chem Int 
Ed Engl 2002, 41(12):2024-2032. 
168. Le Trong I, Wang Z, Hyre DE, Lybrand TP, Stayton PS, Stenkamp RE: 
Streptavidin and its biotin complex at atomic resolution. Acta Crystallogr D 
Biol Crystallogr 2011, 67(Pt 9):813-821. 
169. Chen VB, Arendall WB, 3rd, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, 
Murray LW, Richardson JS, Richardson DC: MolProbity: all-atom structure 
validation for macromolecular crystallography. Acta Crystallogr D Biol 
Crystallogr 2010, 66(Pt 1):12-21. 
170. McDowell SS, N Sponer, J  Walter, NG: Molecular dynamics simulations of 
RNA: An In silico single molecule aproach. Biopolymers 2006, 85(2):169-184. 
171. Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA: Development and 
testing of a general amber force field. J Comput Chem 2004, 25(9):1157-
1174. 
172. Humphrey W, Dalke A, Schulten K: VMD: visual molecular dynamics. J Mol 
Graph 1996, 14(1):33-38, 27-38. 
173. Aitken CE, Marshall RA, Puglisi JD: An oxygen scavenging system for 
improvement of dye stability in single-molecule fluorescence experiments. 
Biophys J 2008, 94(5):1826-1835. 
  
155 
174. Cheng X, Kumar S, Posfai J, Pflugrath JW, Roberts RJ: Crystal structure of the 
HhaI DNA methyltransferase complexed with S-adenosyl-L-methionine. Cell 
1993, 74(2):299-307. 
175. Huang N, Banavali NK, MacKerell AD, Jr.: Protein-facilitated base flipping in 
DNA by cytosine-5-methyltransferase. Proc Natl Acad Sci U S A 2003, 
100(1):68-73. 
176. Gong W, O'Gara M, Blumenthal RM, Cheng X: Structure of pvu II DNA-
(cytosine N4) methyltransferase, an example of domain permutation and 
protein fold assignment. Nucleic Acids Res 1997, 25(14):2702-2715. 
177. Demple B, DeMott MS: Dynamics and diversions in base excision DNA 
repair of oxidized abasic lesions. Oncogene 2002, 21(58):8926-8934. 
178. Su TJ, Connolly BA, Darlington C, Mallin R, Dryden DT: Unusual 2-
aminopurine fluorescence from a complex of DNA and the EcoKI 
methyltransferase. Nucleic Acids Res 2004, 32(7):2223-2230. 
179. Yap LP, Stehlin C, Musier-Forsyth K: Use of semi-synthetic transfer RNAs to 
probe molecular recognition by Escherichia coli proline-tRNA synthetase. 
Chem Biol 1995, 2(10):661-666. 
180. Jean JM, Hall KB: 2-Aminopurine fluorescence quenching and lifetimes: role 
of base stacking. Proc Natl Acad Sci U S A 2001, 98(1):37-41. 
181. Bharill S, Sarkar P, Ballin JD, Gryczynski I, Wilson GM, Gryczynski Z: 
Fluorescence intensity decays of 2-aminopurine solutions: lifetime 
distribution approach. Anal Biochem 2008, 377(2):141-149. 
  
156 
182. Liang J, Matsika S: Pathways for fluorescence quenching in 2-aminopurine 
pi-stacked with pyrimidine nucleobases. J Am Chem Soc 2011, 
133(17):6799-6808. 
183. Gelot T, Touron-Touceda P, Cregut O, Leonard J, Haacke S: Ultrafast site-
specific fluorescence quenching of 2-aminopurine in a DNA hairpin studied 
by femtosecond down-conversion. J Phys Chem A 2012, 116(11):2819-2825. 
184. Tinsley RA, Walter NG: Pyrrolo-C as a fluorescent probe for monitoring RNA 
secondary structure formation. RNA 2006, 12(3):522-529. 
185. Zhang CM, Liu C, Christian T, Gamper H, Rozenski J, Pan D, Randolph JB, 
Wickstrom E, Cooperman BS, Hou YM: Pyrrolo-C as a molecular probe for 
monitoring conformations of the tRNA 3' end. RNA 2008, 14(10):2245-2253. 
186. Fidalgo da Silva E, Mandal SS, Reha-Krantz LJ: Using 2-aminopurine 
fluorescence to measure incorporation of incorrect nucleotides by wild 
type and mutant bacteriophage T4 DNA polymerases. J Biol Chem 2002, 
277(43):40640-40649. 
187. Mandal SS, Fidalgo da Silva E, Reha-Krantz LJ: Using 2-aminopurine 
fluorescence to detect base unstacking in the template strand during 
nucleotide incorporation by the bacteriophage T4 DNA polymerase. 
Biochemistry 2002, 41(13):4399-4406. 
188. Hattori AH, S Vacha, M: Single-molecule Imaging with an Inexpensive UV-
LED Light Source. Chemistry Letters 2009, 38:234-235. 
189. Shin D, Sinkeldam RW, Tor Y: Emissive RNA alphabet. J Am Chem Soc 2011, 
133(38):14912-14915. 
  
157 
190. Li QR, T  Seeger, S: Deep-UV laser-based fluorescence lifetime imaging 
microscopy of single molecules. J Phys Chem B 2004, 108:8324-8329. 
191. Parfenov A, Gryczynski I, Malicka J, Geddes CD, Lakowicz JR: Enhanced 
fluorescence from fluorophores on fractal silver surfaces. J Phys Chem B 
2003, 107(34):8829-8833. 
192. Aslan K, Wu M, Lakowicz JR, Geddes CD: Fluorescent core-shell AgSiO2 
nanocomposites for metal-enhanced fluorescence and single nanoparticle 
sensing platforms. J Am Chem Soc 2007, 129(6):1524-1525. 
193. Zhang J, Fu Y, Liang D, Nowaczyk K, Zhao RY, Lakowicz JR: Single-cell 
fluorescence imaging using metal plasmon-coupled probe 2: single-
molecule counting on lifetime image. Nano Lett 2008, 8(4):1179-1186. 
194. Zhang J, Fu Y, Li G, Nowaczyk K, Zhao RY, Lakowicz JR: Direct observation to 
chemokine receptor 5 on T-lymphocyte cell surface using fluorescent metal 
nanoprobes. Biochem Biophys Res Commun 2010, 400(1):111-116. 
195. Zhang J, Fu Y, Mei Y, Jiang F, Lakowicz JR: Fluorescent metal nanoshell 
probe to detect single miRNA in lung cancer cell. Anal Chem 2010, 
82(11):4464-4471. 
196. Chowdhury MH, Ray K, Gray SK, Pond J, Lakowicz JR: Aluminum 
nanoparticles as substrates for metal-enhanced fluorescence in the 
ultraviolet for the label-free detection of biomolecules. Anal Chem 2009, 
81(4):1397-1403. 
197. Bharill S, Chen C, Stevens B, Kaur J, Smilansky Z, Mandecki W, Gryczynski I, 
Gryczynski Z, Cooperman BS, Goldman YE: Enhancement of single-molecule 
  
158 
fluorescence signals by colloidal silver nanoparticles in studies of protein 
translation. ACS Nano 2011, 5(1):399-407. 
198. Pearl LH: Structure and function in the uracil-DNA glycosylase superfamily. 
Mutat Res 2000, 460(3-4):165-181. 
199. Lu D, Silhan J, MacDonald JT, Carpenter EP, Jensen K, Tang CM, Baldwin GS, 
Freemont PS: Structural basis for the recognition and cleavage of abasic 
DNA in Neisseria meningitidis. Proc Natl Acad Sci U S A 2012, 109(42):16852-
16857. 
200. Grundy FJ, Henkin TM: The S box regulon: a new global transcription 
termination control system for methionine and cysteine biosynthesis genes 
in gram-positive bacteria. Mol Microbiol 1998, 30(4):737-749. 
201. Fersht AR, Dingwall C: Evidence for the double-sieve editing mechanism in 
protein synthesis. Steric exclusion of isoleucine by valyl-tRNA 
synthetases. Biochemistry 1979, 18(12):2627-2631. 
202. Beuning PJ, Musier-Forsyth K: Hydrolytic editing by a class II aminoacyl-
tRNA synthetase. Proc Natl Acad Sci U S A 2000, 97(16):8916-8920. 
203. Liu H, Kessler J, Peterson R, Musier-Forsyth K: Evidence for class-specific 
discrimination of a semiconserved base pair by tRNA synthetases. 
Biochemistry 1995, 34(30):9795-9800. 
204. Liu H, Yap LP, Stehlin C, Musier-Forsyth K: Molecular recognition of 
tRNA(Pro) by Escherichia coli proline-tRNA synthetase. Nucleic Acids Symp 
Ser 1995(33):176-178. 
  
159 
205. Nagan MC, Beuning P, Musier-Forsyth K, Cramer CJ: Importance of 
discriminator base stacking interactions: molecular dynamics analysis of 
A73 microhelix(Ala) variants. Nucleic Acids Res 2000, 28(13):2527-2534. 
206. Shen N, Guo L, Yang B, Jin Y, Ding J: Structure of human tryptophanyl-tRNA 
synthetase in complex with tRNATrp reveals the molecular basis of tRNA 
recognition and specificity. Nucleic Acids Res 2006, 34(11):3246-3258. 
207. Palencia A, Crepin T, Vu MT, Lincecum TL, Jr., Martinis SA, Cusack S: 
Structural dynamics of the aminoacylation and proofreading functional 
cycle of bacterial leucyl-tRNA synthetase. Nat Struct Mol Biol 2012, 
19(7):677-684. 
208. Wennmalm S, Blom H, Wallerman L, Rigler R: UV-Fluorescence correlation 
spectroscopy of 2-aminopurine. Biol Chem 2001, 382(3):393-397. 
209. Sanabia JEG, L.S. Lacaze, P. Hawkins, M.E.: On the feasibility of single-
molecule detection of the guanosine-analogue 3-MI. J Phys Chem B 2004, 
108:15293-15300. 
210. Stanley RJ, Hou Z, Yang A, Hawkins ME: The two-photon excitation cross 
section of 6MAP, a fluorescent adenine analogue. J Phys Chem B 2005, 
109(8):3690-3695. 
211. Miyoshi D, Sugimoto N: Molecular crowding effects on structure and stability 
of DNA. Biochimie 2008, 90(7):1040-1051. 
212. Rivas G, Ferrone F, Herzfeld J: Life in a crowded world. EMBO Rep 2004, 
5(1):23-27. 
  
160 
213. Predeus AV, Gul S, Gopal SM, Feig M: Conformational sampling of peptides 
in the presence of protein crowders from AA/CG-multiscale simulations. J 
Phys Chem B 2012, 116(29):8610-8620. 
214. Sondermann H, Shikuma NJ, Yildiz FH: You've come a long way: c-di-GMP 
signaling. Curr Opin Microbiol 2012, 15(2):140-146. 
215. Minton AP: The influence of macromolecular crowding and macromolecular 
confinement on biochemical reactions in physiological media. J Biol Chem 
2001, 276(14):10577-10580. 
216. Smith KD, Strobel SA: Interactions of the c-di-GMP riboswitch with its 
second messenger ligand. Biochem Soc Trans 2011, 39(2):647-651. 
217. Minton AP: How can biochemical reactions within cells differ from those in 
test tubes? J Cell Sci 2006, 119(Pt 14):2863-2869. 
218. Kilburn D, Roh JH, Guo L, Briber RM, Woodson SA: Molecular crowding 
stabilizes folded RNA structure by the excluded volume effect. J Am Chem 
Soc 2010, 132(25):8690-8696. 
219. Butcher SE, Pyle AM: The molecular interactions that stabilize RNA tertiary 
structure: RNA motifs, patterns, and networks. Acc Chem Res 2011, 
44(12):1302-1311. 
220. Basu S, Rambo RP, Strauss-Soukup J, Cate JH, Ferre-D'Amare AR, Strobel SA, 
Doudna JA: A specific monovalent metal ion integral to the AA platform of 
the RNA tetraloop receptor. Nat Struct Biol 1998, 5(11):986-992. 
  
161 
221. Nakano S, Karimata HT, Kitagawa Y, Sugimoto N: Facilitation of RNA enzyme 
activity in the molecular crowding media of cosolutes. J Am Chem Soc 
2009, 131(46):16881-16888. 
222. Zhou R, Kunzelmann S, Webb MR, Ha T: Detecting intramolecular 
conformational dynamics of single molecules in short distance range with 
subnanometer sensitivity. Nano Lett 2011, 11(12):5482-5488. 
 
 
 
  
162 
ABSTRACT 
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Nucleic acids undergo both global and local conformational changes that are 
important for their function. Structural studies have over the decades been invaluable in 
elucidation of various biomolecular mechanisms, hence contributing significantly to the 
understanding of biological events. However, a clear understanding of how molecules 
function in the cellular context requires investigation of their interconversion between 
multiple conformations, including mapping the folding landscape and any coupled 
changes in conformation. Work in this thesis focuses on fluorescence experiments, 
mainly at a single-molecule level to investigate such processes.  
First, a novel single-molecule approach is described focusing on local dynamics 
within nucleic acids and taking advantage of the fluorescent properties of 2-aminopurine 
(2AP) and pyrrolo-cytosine (PC) to study local dynamics at single base resolution. A 
click chemistry-based, single-molecule immobilization methodology that enables 
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sufficient minimization of background fluorescence to allow single-molecule detection 
was utilized. In the absence of stacking interactions, both PC and 2AP fluoresce 
steadily for several seconds hence demonstrating their sufficient photostability for 
single-molecule utilization. Local dynamics using 2AP across a DNA abasic-site mimic, 
SAM-1 riboswitch binding pocket reorganization, and tRNAPro 3 end are reported.  
Additionally, RNA global motions in conditions with molecular crowding, which 
mimics the cellular environment, are reported using the cyclic-diguanylate 
monophosphate (c-di-GMP) riboswitch aptamer domain as a model. Riboswitches are 
examples of gene-regulating elements that normally act in cis to their host mRNAs and 
are hence located within their 5 untranslated regions. In vivo, the intracellular 
physiology, which is highly crowded, dictates the folding landscape of RNAs. 
Macromolecular crowding influences, and hence alters, the riboswitch folding pathway, 
and subsequently may change their mode of ligand/substrate recognition in comparison 
to experiments in a non-crowded medium. Single-molecule and steady-state FRET 
studies show that the presence of molecular crowding enhances docking of the 
ubiquitous bacterial c-di-GMP riboswitch aptamer region even in the absence of it’s 
metabolite. The adoption of a structure reminiscent of the ligand-bound form implies that 
in vivo the riboswitch can fully fold, and hence, ligand binding may only require minimal 
rearrangements. This may further decrease the time between ligand-recognition, 
interaction, and transcription enhancement. 
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